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ABSTRACT 
The inefficient dissipation of heat is a crucial problem that limits the reliability and 
performance of all electronic systems. As electronic devices get smaller and more 
powerful, and moving components of machinery operate at higher speeds, the need for 
better thermal management strategies is becoming increasingly important. Heat removal 
during the operation of electronic, electrochemical, and mechanical devices is facilitated 
by high-performance thermal interface materials (TIMs), which are utilized to couple 
devices to heat sinks.  Herein, we report a new class of TIMs involving the chemical 
integration of boron nitride nanosheets (BNNS), soft organic linkers, and a metal matrix - 
which are prepared by chemisorption coupled electrodeposition approach. Thermal and 
mechanical characterization of the copper-based hybrid nanocomposites involving 
thiosemicarbazide demonstrates bulk thermal conductivities ranging from 211 to 277 
W/(m.K), which are very high considering their relatively low elastic modulus values on 
the order of 15 to 30 GPa. The synergistic combination of these properties leads to the 
lowest measured total thermal resistivity to date for a TIM with a typical bondline 
thickness of 30-50 µm: 0.38 to 0.56 mm2.K/W. Moreover, its coefficient of thermal 
expansion (CTE) is 11 ppm/K, forming a mediation zone with a low thermally-induced 
axial stress due to its close proximity to the CTE of most coupling surfaces needing 
thermal management. Furthermore, preliminary electrochemical tests revealed that the 
presence of organic ligands and BNNS in the hybrid nanocomposite TIMs improves the 
corrosion protection behavior of the TIMs by nearly 72%. 
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Further analysis of the hybrid nanocomposite TIMs included the replacement of 
thiosemicarbazide with various organic ligands and the replacement of copper matrix with 
silver. Compared to all the ligands that were used in copper-based hybrid nanocomposites, 
the most promising thermal and mechanical test results were obtained from 
thiosemicarbazide. On the other hand, the best silver-based nanocomposite TIM was 
determined to be the one involving the ligand 2-mercapto-5-benzimidazolecarboxylic 
acid, in which the thermal conductivity was near 360 W/m.K, and elastic modulus and 
hardness were about 35 GPa and 0.25 GPa, respectively. The promising results indicate 
that metal-inorganic-organic nanocomposite TIMs can be great alternatives to currently 
used TIMs in the market. 
Additionally, polystannane nanocomposite involving graphene nano particles as 
fillers were synthesized, which showed thermal conductivities up to 40 W/m.K at 10 wt% 
loading. Also, these composites were found to have higher stability in ambient conditions 
towards humidity and light where the degradation kinetics of first order showed 10-fold 
decrease in rate constant. These improvements in thermal properties and stability can 
allow the polymeric metals in application towards thermal management. 
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NOMENCLATURE 
A Hamaker Constant 
AFM Atomic force microscopy 
ATR-FTIR Attenuated total reflectance-Fourier transform infrared 
BNNS Boron nitride nanosheets 
Cp Specific heat capacity 
CTE Coefficient of thermal expansion 
DLF Discovery laser flash 
DLS  Dynamic light scattering  
E Elastic modulus 
Er Reduced elastic modulus 
EDS Energy dispersive X-ray spectroscopy  
EDTA Ethylenediamine tetraacetic acid 
ESEM Environmental scanning electron microscopy 
f-BNNS Functionalized boron nitride nanosheets  
GNP Graphene nanoparticles 
GPa Gigapascal 
H  Hardness 
h-BN Hexagonal boron nitride 
k Boltzmann constant 
Κ Thermal conductivity 
LFD Laser flash diffusivity 
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NMR Nuclear magnetic resonance 
NPs Nanoparticles 
OP Over-potential 
OTS Octadecyltrichlorisilane 
pKa Acid dissociation constant 
PolySn Polystannane 
p-TC p-toluoyl chloride 
PVB Polyvinyl butyral 
PEG-D Polyethylene glycol dithiol 
PSTTR Phase sensitive transient thermoreflectance 
R Resistance 
SEM Scanning electron microscopy 
SIMS Secondary ion mass spectrometry 
T Temperature 
TD Terepthalic dihydrazide 
TEM Transmission electron microscopy 
TGA Thermogravimetric analysis 
TIM Thermal interface material 
TSC Thiosemicarbazide  
XPS X-ray photoelectron spectroscopy 
vdW van der Waals 
2-MBC 2-mercapto-5-benzimidazole carboxylic acid 
  x 
4-ABT 4-aminobenzenethiol 
4-BBC 4-bromobenzoyl chloride 
4-CBC 4-cyanobenzoyl chloride 
4-MBA 4-mercaptobenzoic acid 
4-MPA 4-mercaptopropionic acid 
4-MT 4-mercaptotoulene 
4-NBC 4-nitrobenzoyl chloride 
α  Thermal diffusivity 
ρ  Density 
υ  Poisson`s ratio 
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1. INTRODUCTION 
1.1 Objective 
The objective of this work is to synthesize advanced materials that can be 
considered as the next generation materials in the field of thermal management. The work 
focuses on thermal interface materials (TIM) which are essential in conductive heat 
transfer for thermal management in various fields like electronics, communications, power 
storage, invertors and lighting systems.  
To realize the objective, two novel nanocomposite materials were synthesized 
involving metals like copper, silver, tin and 2-D nanoparticles of boron nitride and 
graphene. The first material is a metallic- organic-inorganic nanocomposite with boron 
nitride nanosheets dispersed in copper or silver matrices and qualify as a totally new class 
of thermal interface materials.  The second material is a nanocomposite of graphene 
nanosheets and polymeric tin which falls in to the category of polymeric TIMs but totally 
outclasses the currently available materials in terms of properties. In both cases, the 
relevant properties clearly establish that these materials are true next generation thermal 
interface materials. 
1.2 Motivation 
In an electronic ensemble, the most important part is a chip which is made up of 
transistors and capacitors of finite resistance and they produce heat each time the electrons 
flow through them in the form of current to carry out the defined task1. A chip has a finite 
life time and operating it at higher than optimal temperature will quickly reduce the life 
  
 
2 
time and performance of the chip2. Michael Allen3 reported that the operating life of a 
capacitor, a integral component of a chip degrades exponentially with operating 
temperature as shown in the Figure 1. 
 
Figure 1 Graph showing the exponential decrease in the useful hours of a capacitor 
with increase in operating temperature3 
A continuous operation of an electronic device will lead to continuous output of 
heat and it is important to remove the evolved heat to maintain the temperature of the chip. 
This removal of heat is typically achieved by conductive transfer to a heat sink4,5, generally 
made up of copper or aluminum at the chip level and then convective cooling of the heat 
sink using fans or cooling liquids. As shown in the schematic of a chip in Figure 2, at the 
chip level, the chip is housed in a chip carrier to ensure no major mechanical stress is felt 
on the chip due to thermal expansions and be able to use ruggedly. The heat produced by 
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the chip is transported to the out of chip carrier via conduction, convection and radiation. 
The top or bottom of the chip carrier is connected to the heat sink via TIM. 
 
Figure 2 Schematic Figure of a chip. a) Lid b) Chip c) DBC with electrical 
connections d) Chip Carrier e) TIM f) Heat sink with fins 
 TIM is used as a connector because of the micro/nano roughness and rigidness of 
the heat source and sink doesn’t allow full contact between them for thermal transport. As 
we know that any two rigid planar objects can be in contact only at finite number of  
points6, when these two rough surfaces are got in to contact, effective area of contact for 
thermal transport is greatly lesser than the actual area and the gaps are filled by air which 
is much less thermally conductive thermally. Application of a TIM, which is a soft but 
conducting material in between these surfaces improves the overall system by confirming 
in to the asperities and replacing air. The utility of a TIM is illustrated in the Figure 3.  
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Figure 3 Schematic showing the advantage of TIMs 
As per Moore’s law7, the number of transistors on a chip doubles every year which 
also indirectly suggests that the amount of heat emitted from a chip increases. The 
semiconductor industry created break through up on break through to keep up with 
Moore’s has and increased the number of transistors on a chip to 1.2 billion in 2011 
compared to 2300 in 19718. This trend can be easily understood by looking at Figure 4 
which shows the number of transistors on a chip introduced in specific years by intel 
corporation.  
This chip development aided by the miniaturization of devices has led to emission 
of higher and higher amounts of heat flux but on the contrary the development on the side 
of TIMs wasn’t as impressive. For example, the thermal resistance, an important metric 
for thermal interface materials of best TIM on market has only reduced from 25 W/m.K 
in 1995 to 10 W/m.K in 2014 across all classes of TIMs compared to the heat output of 
the intel chip released during the same period has changed from 30 W to 150 W. This slow 
development of TIMs has caused the developed chips to be used with less reliability and 
often led to the failure of miniature and heavy application devices. Also the development 
of high performance systems and electronic clusters in other fields like power storage, 
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automobiles, communications, LEDs, military equipment and aviation demands for the 
immediate development of TIMs for more reliability and further development of these 
systems9–19. To this end, we had targeted to synthesize TIMs which can exhibit a thermal 
resistance of 0.1 W/m.K, a order magnitude lower than the currently available best TIMs 
across all classes, which typically are in the range of 5-10 W/m.K. 
 
Figure 4 Development of the intel chips used in personal computers8 
1.3 Dissertation Layout 
The dissertation starts off with “introduction chapter”, where the reader is 
introduced the to objective of this work and why this the author has decided to work on 
this objective. It also introduced what is a TIM and clearly conveys that two new 
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nanocomposite TIMs were synthesized in this work. Next the “chapter of literature and 
concepts” helps the reader to understand various concepts used in this work and also 
relevant literature about TIMs and Boron nitride.  
Chapter three discusses about the approach to create a metallic-organic-inorganic 
nanocomposites and how the approach was used to synthesis copper based TIMs. Chapter 
four talks about the several effects of organic linker on the properties of the copper based 
TIM synthesized in chapter three. Later on in chapter five, preparation of such TIMs with 
silver as base were discussed and similarly the effects of the organic molecules were 
discussed in addition to comparing the properties with the copper based TIMs. Chapter 
six then talks about the synthesis of second type of TIM, a nanocomposite of polymeric 
tin and graphene and how they can be used as TIMs. Conclusions are then presented in 
chapter seven in addition to some insights in to future work. Later in the Appendix A, 
principles of the important experimental techniques used in this work were discussed. 
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2. LITERATURE AND CONCEPTS 
History is always important in order lay road for the future as it gives insights in 
to the available information and equips us on taking a more knowledgeable decision. In 
this light, I want to present some literature on TIMs and briefly comment on aspects of 
design of a material for application as a TIM. Later on in the chapter I will discuss about 
properties of boron nitride nanosheets and its functionalization, properties of graphene 
nanoparticles, electro deposition of metals and synthesis of poly stannate (PolySn) which 
will aid in better understanding of the overall script. 
2.1 Thermal Interface Materials 
2.1.1 Thermal resistance of a TIM 
TIMs are bonding materials between heat sink and a heat source which improve 
the overall thermal transport across the interface20. Usage of TIMs majorly started with 
the advent of electronic devices to tackle the heat produced inside the chip chamber in 
order to keep the performance and life of the chip to optimum. When a TIM is applied 
between two surfaces, one important aspect is the thickness of the TIM, which is called 
bond-line thickness (BLT). As the heat flows through the heat source in to the TIM and 
then in to the heat sink due to the temperature difference, a finite resistance to this flow is 
encountered at the source-TIM interface (R(source-TIM)), bulk of the TIM (RTIM) and the 
TIM-sink interface (R(TIM-sink)) through which the heat carriers have to travel21,22. So, the 
overall resistance (Rtotal) across the interface can be taken as the sum of these three 
  
 
8 
resistances in series as given in equation 123 and the objective any TIM is to minimize this 
overall resistance to maximize the heat transfer24–26. 𝑅"#"$% = 	  𝑅()#*+,-./01) +	  𝑅/01 +	  𝑅(/01.)456)  (1) 
The bulk thermal resistance of a material can be given by the equation 2 where k 
is the thermal conductivity of the material and the t is the thickness of the sample. In the 
case of a TIM, the thickness is BLT. Equation 3 gives an empirical relation for thermal 
resistance at interfaces27,28, where where kint is the harmonic mean thermal conductivity of 
the contacting surfaces, m is the effective absolute surface slope, σ is the effective rms 
roughness, P is the contact pressure, and H is the micro-hardness of the softer material. 
By combining equations 1 and 2, equation 4 can be written and by observing equation 3 
and 4 it can be commented that the overall resistance is proportional to H/k of the TIM.  𝑅/01 = 	   𝑡 𝑘 = 𝐵𝐿𝑇 𝑘  (2) 1 𝑅45"-+=$,- = 1.25𝑘45" 𝑚 𝜎 ∗ (𝑃 𝐻)F.GH  (3) 𝑅"#"$% = 	  𝑅()#*+,-./01) +	  𝐵𝐿𝑇 𝑘 +	  𝑅(/01.)456)  (4) 
 
2.1.2 Material design aspects of a TIM 
The ideal TIM would have infinite conductance through the interface and offer 
least bulk resistance and to obtain most effective TIM, the idea is to reduce the overall 
resistance. By reading more in to the equations 3 and 4, the material design aspect is to 
obtain a material with high bulk thermal conductivity and a low micro-hardness. Though 
this is the most important metric, it is also essential that the TIM material shouldn’t 
9 
corrode or react with the sink or source, have a long life for itself without degrading either 
chemically or property wise, mechanically tough enough to handle the thermal stresses 
caused by the thermal cycles of cooling and heating and have a coefficient of thermal 
expansion (CTE) that can bridge the sink and the source. In this work, though the emphasis 
was on obtaining the least thermal resistance possible out of a material which is the most 
important metric, other properties were also tested. 
2.1.3 Types of TIMs 
Three decades of research and manufacturing of TIMs during 1980’s -2010’s has 
given 1000s of TIMs but almost all of them can be classified in to 4 different classes 
namely solder TIMs, thermal greases, polymeric TIMs and phase change material (PCM) 
TIMs. Each class of TIMs have progressed over years but the progress has reached a 
saturation point due to certain limitations in these class of materials which will be 
discussed below. A few researches in last decade are taking a different approach with the 
advent of fundamental concepts in nano materials and produced TIMs which don’t exactly 
fall in to any of the classical 4 types but these still possess drawbacks of their own. 
Solder TIMs 
Solders which typically are alloys of lead are low melting and posses high thermal 
conductivities in the range of 20 – 80 W/m/K29–34 are used as a TIM because of the ease 
of application. Although tin/lead alloys have been the most commonly used solder30, 
tertiary elements have been added depending on the specific needs such as addition of 
bismuth for lowering melting point and increase wettability31,34, and addition of antimony 
for increasing the strength of the alloy32,33. But, due to high thickness and stiffness of the 
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solders, thermal stresses are developed35 which compromise the overall device and led to 
the discontinued use of solders in todays world. Also, solders react with common heat sink 
materials like copper36 to form intermetallic compounds which reduce the thermal 
conductivity and tackle the heat dissipation poorly.  Though soft solder usage looks 
promising, they have poor thermal fatigue resistance37 and hence solder of any kind 
doesn’t sound great. Recent work by Dutta et al29, suggested usage of indium in tin solders 
as cost effective, high thermal conductivity TIMs but authors didn’t try to address 
mechanical issues associated with the solder. 
Thermal grease 
Thermal grease is two component based product, typically consisting a fluidic base 
and ceramic or metallic fillers for thermal conductivity. In thermal greases, thermally 
conductive fillers are typically dispersed in silicone, sodium silicate, or a hydrocarbon oil 
to form a paste38,39. As a filler, CNT,40–42 diamond powder,43 silver,44 and copper,45–47 
beryllium oxide48, aluminum nitride49–51, aluminum oxide49,51,52 and zinc oxide45,53,54 have 
been employed in current thermal grease formulations. Being viscous liquids, thermal 
grease flow easily in to the voids of the mating surfaces and eliminate air thus creating a 
much better thermal pathway for heat to dissipate. Typical thermal conductivity value of 
these kind of TIMs is between 0.5 – 7 W/m/K38-54. In general a higher filler loading 
contributes to higher thermal conductivity but also increases viscosity and reduces 
wettability. As wettability is a key factor in these kind of TIMs, it limits the particle filler 
loading and hence the thermal conductivity. It is understood that optimized particle size 
distribution will give a lower viscous material for same filler loading compared to mono 
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dispersed filler particles.55 But, they flow out up on application, which might contaminate 
other materials in the device. Also, there might be a pump out effect due to thermal cycling 
or dry out over time which will eventually result in rise of thermal resistance56. Study by 
Viswanath et al57 found that the thermal resistance increases 4-6 times for 7500 cycles 
from 0 oC to 100 oC. Another study58 reports a new type of grease based TIM, which is 
dry to touch, MicroFaze® and claims to be the first non-silicone thermal grease that can 
solve contamination and migration problems that are typically associated with silicone-
based products but without any improvements in the thermal conductivity.  
Phase Change Materials (PCM) 
A PCM can be a homogenous or heterogeneous material which changes phase up 
on heating in the range of the electronic operating limit. PCMs are designed with the base 
as paraffin, polymer, co-polymer having suspensions of micro-macro particles of high 
thermal conductivity to change the phase near the optimal performance temperature. As 
the PCM melts, it turns in to a liquid or reduces viscosity and flows into the cavities in the 
interfacial region and occupies the air voids. Most cited PCMs theoretically show higher 
thermal performance than thermal greases and are easy to work with unlike thermal 
greases but the mechanical shocks and handling are not well studied. Moreover, the 
frequent changing of phase might result in reacting with mating surfaces and damage 
them56. Another class of PCMs is low melting alloys59,60, based on bismuth, indium, 
gallium and tin60 work similar to the solders but are low melting and hence fill in to the 
voids of the mating surfaces. Though cadmium, mercury and lead fall in same category of 
low melting point metals, these are avoided because of their toxicity37. Formation of 
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intermetallic compounds, corrosion due to oxidation may lead to the lower performance 
over time and eventually fail the device59. An interesting PCM is proposed by Chen61 
where the author coupled shape memory alloy (SMA) in to thermal grease. In the silver 
or silicon colloid which is thermal grease, several SMA fillers such as nano-CuNiTi, nano-
CuAlZn, and nano-NiTiAlZ with particle diameters ranging from 10 to 100 nanometres 
are tried. It is theorized that, SMA changes its shape during temperature change and 
conforms on to mating surfaces. After initial treatments, SMA memorizes its relative 
position in the bulk layer of TIM with temperature and delivers required performance. 
However, the long term reliability and interaction with mating surfaces with PCM remains 
a challenge. PCMs have a typical thermal resistance of 10 Kmm2/W. and in the range of 
4 – 60 K.mm2/W. 
Filled Polymeric Matrices 
These are most widely used TIMs in the electronics industry as these offer the 
performance of thermal greases but are much easier to work with and assemble. Polymer-
matrix composite TIMs typically involve the addition of thermally conductive particles 
like silver62, copper, aluminum nitride63 and several other particles37,49,64–69 into a polymer 
matrix like epoxy, polyurethane, and polyvinyl chloride. Recent studies have synthesized 
epoxy composite TIMs containing novel types of fillers such as graphite,70 graphene,71,72 
and CNTs73–76. Though these TIMs presented few problems, there thermal conductivity 
remained in the range of 0.5 – 7 W/m/K. and a typical contact thermal resistance of 10 
K.mm2/W. and in the range of 3 – 80 K.mm2/W. 
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Non-conventional TIMs 
The past decade and a half has approached the problem of creating new TIMs in 
new ways which does not truly belong to any of the above four classes. In 2004, Quoc 
Ngo et al77 presented the idea of using the arrays of carbon nano fibers (CNF) as a TIM 
by fabricating a vertically aligned free standing CNF on a silicon using PECVD78 and then 
filling the gaps in this high aspect ratio array with copper via electroplating. This CNF- 
copper composite exhibited a contact thermal resistance of 25 K.mm2/W for BLTs of 30 
micron. Though the value is not a great improvement from state of the art of the current 
TIMs, it paved a way forward for novel TIMs. Similar work is done with carbon nano 
tubes (CNT)76,79 which exhibited a thermal resistances in the range of 20-30 K.mm2/W. 
Recently, Tong et al80 improvised the above concept by applying 1-micron indium layer 
at the ends of CNTs for better heat transport and reduced thermal resistance value to as 
low as 15 K.mm2/W, forwarding the earlier research.76–78 However, the challenges in this 
type of TIM lie in achieving uniform heat profile with 1-micron indium layer as it is not 
enough to conform to the mating surfaces. Xu et al further explored the idea by making 
layers of CNTs and PCM81, which exhibited a contact thermal resistance as low as 5 
K.mm2/W and later on just 4 K.mm2/W  as measured by photoacoustic technique82. 
Another concept of double sided CNTs76 also reported 5 K.mm2/W. This new class of 
CNT array based materials looks promising as next generation TIMs but the challenge lies 
in the uniform production of CNT in mass scale without defects. A high thermal 
conductivity of 3000 W/m/K is reported83 for MWCNT but also other studies84,85 report 
15 W/m/K and 27 W/m/K respectively as the thermal conductivity of CNT arrays fall 
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rapidly with the number of defects and impurities86. Typical defects are orientation 
mismatch and multiple contacts of the CNT arrays because of uncontrolled CVD growth. 
Large scale production of uniform CNTs remain a challenge which will have to be 
answered before this technology can develop further87. Also, most studies don’t report the 
mechanical reliability of this class of materials which is very important. So, it is in future 
that, thermo-mechanical properties and reliability has to be well established. 
Another new approach is the idea of making metals and polymers in to a composite 
material. Usage of metals for high thermal transport and polymers for their mechanical 
virtues is the basic idea. Carlberg et al88 have presented the idea of incorporating metal-
polymer nanocomposites by fabricating a highly porous polymeric matrix of TPE via 
electro-spinning and infusing it with low melting metal alloy (In/Bi/Sn) for continuous 
thermally conductive pathways. In addition to showing mechanical reliability they 
measured a thermal resistance as low as 8.5 K.mm2/W at 70-micron BLT. By optimizing 
the polymeric matrix synthesis in the above work, Zanden et al89 found that, thermal 
resistances as low as 1.5 K.mm2/W can be obtained. A similar ideas used by Shuangxi Sun 
and co-workers90 resulted in a TIM with a thermal resistance of less than 2 mm2.K/W. Xin 
luo et al91 reported TIMs made up of boron nitride nanofibers and indium. BNNFs for the 
basic structure by electrospinning which are infused with indium. This composite exhibits 
an in-plane thermal conductivity of 60 W/m K and a thermal resistance of just 1.2 
mm2.K/W. It is also important to note that, long term reliability of this technology has not 
been studied yet. Involvement of metals like indium, bismuth poses the risks of the low 
melting solders and low meting metal PCMs; contamination and pump out effects. Also, 
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the interaction of metal with polymer in high number of thermal cycles has to be 
characterized before this technology can move forward.  
A different concept of nano-sponge was introduced by Wunderle92, where the 
authors created a porous nano sponge of gold with reliable mechanical properties. Though 
the work doesn’t report the thermal properties, it is understood that, being a high thermal 
conductivity metal, it will have low thermal resistance. However, questions remain about 
the grain coupling and Ostwald ripening93 with several heating cycles and sponge being 
destroyed overtime to give hard material which will be anything opposite to a TIM rather 
than being a TIM.  
Another important type of TIM is highly oriented pyrolytic graphite, which has 
very high thermal conductivity along the in-plane direction (600-1700 W/m2.K) and low 
thermal conductivity in the out-of-plane direction (10-20 W/m2.K). However, most 
thermal management applications require a high thermal conductivity in the out-of-plane 
(z-) direction between heat spreader and sink. While graphene-based TIMs achieved 
thermal resistances as low as 1.5×10-2 mm2.K/W at nanoscale,11,94 their device scale forms 
and  highly oriented pyrolytic graphite sheets with a thickness of 50-100 µm have been 
reported to result in a total resistance in the order of 20 mm2.K/W.95 The delamination and 
flaking off are other challenges associated with pyrolytic graphite sheets. 
Recent work on TIMs91,96–107 has mostly taken the direction of incorporating high 
aspect ratio fillers in to polymer matrices or infusing metals in to polymer matrices. Most 
famous choices for fillers are CNT, graphene and BNNS for their high thermal properties 
and modified CNT and BNNS as they offer different properties with modification which 
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can improve thermal transport by reducing boundary scattering of phonons and phonon-
phonon scattering. But, none of the works with polymeric matrices report less than 5 
K.mm2/W thermal resistances. Though new ideas are presented, most fall short in 
addressing the anticipated shortcomings like pump out, internal chemical degradation or 
reaction, long term reliability. So, it is essential to develop novel TIMs with much less 
thermal resistance, be reliable in long term and comply mechanically. 
2.2 Approach to Create Novel TIM 
There are two potential routes for reducing the total thermal resistance of TIMs 
that are needed to satisfy stringent thermal needs of emerging advanced applications: 
either by further improving the thermal properties of a compliant matrix, or by further 
improving the mechanical properties of a high-thermal-conductivity matrix. Currently, as 
the majority of research is focused on the former approach and we primarily targeted the 
novel approach of enhancing the mechanical properties of the metal matrix and then we 
also tried another novel approach of using a compliant conductive matrix and improving 
the properties and its workability.  
Firstly, we developed a new class of nanocomposite TIMs by covalently 
integrating boron nitride nanosheets (BNNS) functionalized with soft organic linkers and 
a copper matrix. Here, BNNS is selected as filler because of its extremely high in-plane 
thermal conductivity (300-2000 W/(m.K)), low coefficient of thermal expansion, and 
superior thermal and chemical stability.108–111 Copper is a well-known matrix material 
with high thermal conductivity. We were able to realize the synthesis of metal-BN 
composite which otherwise would be impossible via available compounding techniques 
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by developing a novel electro-co-deposition technique. Thus developed TIMs possessed 
thermal conductivities in the range of 220 – 300 W/m/K, atleast 5 times better than any of 
the currently available TIMs and also show thermal contact resistances of 0.06 - 0.1 
mm2.K/W with an overall thermal resistance of 0.35 – 0.55 mm2.K/W for a BLT of 30 to 
50 microns, beating any current TIM by an order of magnitude.  
Second, currently the polymeric matrices being used are carbon based which 
typically have a very low thermal conductivity and also have no possibility of synergistic 
combination for thermal transport. We use a unique metallic polymer, “polystannane” as 
the polymeric base to create a nanocomposite with graphene nanoparticles. Graphene is 
chosen here because of its intrinsic high thermal conductivity and light blocking ability. 
Though polystannate is a high conductive polymer, it is very sensitive to light and 
humidity and the typical life is less than an hour in ambient conditions before degrading 
in to oligomers of tin. By using graphene, we were able to improve the stability of the 
polymer to more than 24 hours in ambient conditions besides improving the thermal 
conductivity 10 fold. 
2.3 Boron Nitride  
Introduction 
Boron Nitride (BN) is a group III-V compound and is isoelectronic to Carbon (C). 
By the virtue of same electron count, BN can exhibit similar crystalline forms to C. 
hexagonal-BN (h-BN) is analogous to graphite in structure with layered structure and 
hexagonal packing within a layer. Cubic-BN (c-BN) is analogous to diamond form of C. 
BN is not naturally occurring material and is first synthesized by Balmain112 in 1842 but 
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the group III nitride was fairly unexplored until recently. Recent interest in the material 
lead to developments in bulk and nano scale understanding and stable processing of the 
materials113. More importantly, nanomaterials of the BN were synthesized only recently, 
boron nitride nano tubes (BNNTs) in 1995114 and hexagonal-boron nitride nanosheets (h-
BNNS) in 2005115. BNNTS and h-BNNS are different crystalline forms of the h-BN which 
are analogous to carbon nanotubes (CNTs) and graphene respectively. Figure 5 shows the 
different h-BN nanomaterials. 
Figure 5 Structural models of BN nanomaterials. (a) 2D - BNNS (b) 1D - BNNT (c) 
0D - fullerene116 
Synthesis 
For the last decade, several research efforts have studied different synthesis routes 
for BNNTs and BNNS. BNNTs are in general produced by arc discharge114, laser 
ablation117, carbothermal methods118 and chemical vapor deposition119. Similarly, BNNS 
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can be prepared in various methods which are inspired from graphene synthesis and are 
discussed below. 
Micro-mechanical Cleavage 
In mechanical cleavage, layers of h-BN are peeled off from the bulk using an 
adhesive tape. The layers are easily peeled because, the boding between sp2 in-plane BN 
atoms is much stronger than the weak van der Walls attractions between layers of h-BN 
and keeps the sheet in place. This method was employed by Zettl’s group and produced 
h-BN atomic layers in the range of 3.5 nm to 80 nm thickness120. The above results are 
shown in Figure 6. Also, shear forces can be used to cleave the bulk h-BN to obtain h-
BNNS which is studied by Li et al121. in a ball milling experiment. They were able to 
produce 3-10 layers of h-BNNS. The resulting h-BNNS are shown in Figure 7. Despite 
being fast, cheap and easy method, this method does not have precise control on the 
number of layers of BNNS.  
Self- Assembly 
The earliest h-BNNS were prepared by self-assembly process. Atomically clean 
Rh (111) was exposed to borozine vapor at 8000C at an ultra high vacuum and then 
consecutively cooled to room temperature. This method witness assembly of ordered mesh 
oh the metal surface. The structure was probed by Scanning Tunneling Microscopy (STM) 
and the observation is that the lattice mismatch between BN and Rh drove the hole 
formation122. Similar observations are made on Ni123 and W124 surfaces in earlier studies.  
  
 
20 
 
Figure 6 (a) AFM image of a obtained h-BN flake. (b) Height profile along the dashed 
line.120 
 
Figure 7 (a) SEM of the bulk h-BN.  (b) SEM of the exfoliated h-BNNS. (c) AFM 
image of three h-BNNS. (d) Height profiles of the sheets in AFM.121 
Figure 8 shows the STM micrographs of the produced h-BNNS on Rh(111) at several 
different parameters and serve as the proof to the above discussed mechanism. This 
process has been very efficient to obtain and control the monolyaer nad bilayer growth but 
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this is a very elaborate process. Also, peeling off the h-BNNS from the metal surface 
without damaging is a challenge. 
 
Figure 8 (a) Atomic steps of BNNS on Rh(111). (b) High resolution image showing 
two layers of BNNS. (c) height profile of the line in B. (d)-(f) several images with 
different STM parameters. (g) Height profile of the line in image F.122 
Chemical exfoliation method 
BNNS can also be prepared by sonicating the bulk BN sheets in organic solvents. 
This approach was used by Han et al.125 in 2008 where they exfoliated mono and few layer 
h-BNNS as observed under HR-TEM. It is understood that the optimizing the solvent 
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surface energy very close to the surface energy of the BNNS will give maximum yield of 
the h-BNNS and on this line, several studies were done to find the best solvent for 
BNNS126. Also, other important work in this aspect is the bulk preparation of h-BNNS 
possible using this method. Zhi et al.127 were able to prepare milligrams of the 2-10 nm 
thick BNNS. 
Chemical vapor deposition (CVD) 
Currently, the most common lab scale method to prepare pure and controlled h-
BNNS is CVD. This is a well established process now du to many efforts from the previous 
research. In the early process, mixed powders of B2O3 and melamine were placed in an 
induction furnace and treated at 1000oC to 1300oC under nitrogen flow for one hour. 
Depending up on the temperature h-BNNS layers of 25-50 nm thickness were obtained.128 
Later, under ammonia borane flow, modified CVD process gave 2-5 atomic layer sheets 
on a Cu-foil.129 Further improvements to CVD are understood when Shi et al. developed 
an ambient pressure CVD process on a Ni substrate that can create 5-50 nm thickness 
sheets.130 The most important development for in this filed is the monolayer h-BN growth 
on Cu foils by using NH3–BH3 using low-pressure CVD with two heating zones.131 
Most of the h-BNNS are now obtained either by CVD growth or by exfoliation in 
bulk. Some other techniques employed to synthesize the h-BNNS are high energy electron 
irradiation, unzipping of BNNTs and solid state reactions followed by exfoliation or 
cleaving. 
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Figure 9 (a) TEM image of the h-BNNS of 2 layers. (b) h-BNNS with three and single 
layers125 produced in a chemical exfoliation method. 
 
Figure 10 HR-TEM micrograph showing 3-layer h-BNNS produced in our lab in 
NMP solution231 
Structure 
h-BNNS are very similar to graphene in structure and its bulk counter part is 
similar to graphite in structure. The atoms in-plane form a hexagonal structure and are 
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alternating B and N atoms but are attracted via weak van der Walls interactions with other 
planes. The B and N are stacked on top of each other in adjacent layers giving a AA’ 
stacking. The main role of the van der Waals forces is to anchor the BN layers at a fixed 
distance, whereas the electrostatic forces dictate the optimal stacking mode and the 
interlayer sliding corrugation.132 Table 1 summarizes the crystal constants.133 
Table 1 Crystal parameters for graphite and h-BN133 
Material 
Crystal 
structure 
Nearest 
neighbor 
distance (nm) 
Lattice parameters 
(nm) 
Inter layer 
spacing (nm) 
h-BN Hexagonal 0.144 a: 0.250 c: 0.666 0.333 
Graphite Hexagonal 0.142 a: 0.246 c: 0.670 0.335 
Structural studies using TEM, HR-TEM and STEM have revealed that inter layer 
distance, distance between adjacent atoms within a layer can be measured and these are 
0.33-0.34 nm and 0.25 nm respectively in BN (100) atomic plane. In general, fringes at 
the edges and curls of the sheets allow us to count the number of layers and inter layer 
distance in the TEM micrographs and HR-TEM can image B and N atoms which leads to 
measure inter atomic distance. 
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Properties 
The most important properties of BNNS required in this work are the thermal 
properties. BNNS exhibit a extremely high in-plane thermal conductivity (300-2000 
W/(m.K)) in addition to low coefficient of thermal expansion, and superior thermal and 
chemical stability.108–111. h-BNNS are very anisotropic and show only to 40 W/m/K in 
out-of plane direction which is also the bulk thermal conductivity of the h-BNNS. Single 
sheet thermal conductivities are very high in-plane due to their low resistance to phonon 
propagation since no boundary scattering is present. As more layers are added, boundary 
phonon scattering becomes prominent in addition to increased phonon-phonon scattering 
and even at nanoscale by 10 layers h-BNNS show bulk properties.  
Functionalization 
As the central idea of this project lies with incorporating BNNS in to incompatible 
metallic matrix via organic linkers, it is only logical that the attachment of organic linkers 
to BNNS must be first strategized.  BNNS have a strongly interconnected matrix which is 
bonded together by partly covalent and partly ionic bond between B and N atoms. It is 
very stable to oxidation up to 800 OC and unreactive. But, the reactivity of BN depends 
on the type of reaction. Possessing good amount of ionic characters, BNNS are readily 
soluble in several solvents but the covalent chemistry of BNNS is complicated and various 
strategies have to be employed to achieve this. We are interested in covalent 
functionalization as we want to tailor functional ligands such that, the other end of the 
ligand can adhere to metal. This kind of functionalization can be difficult with ionic 
reactions. 
  
 
26 
A lot of theoretical studies are done regarding the modification of BNNS. But, 
unfortunately very little work is experimentally realized. As we want to experimentally 
modify BNNS for a product, we look at some previous modifications of BNNS. Zhi et 
al.127 reported a high level of solubility of BNNS in DMF, an aprotic solvent. Further 
studies revealed that the solubility is because of Lewis-acid base reaction between B of 
BN and O of DMF. Further work is done on this concept on how to optimize and maximize 
the solubility by using different polar organic solvents109 or even a solvent mixture.134 We 
can say that Lewis acid base reaction of BNNS is well established. More non covalent 
chemistry is observed by Smith et al135 when they dispersed BNNS by using sodium 
cholate as surfactant. Similar chemistry has been reported with several other polymers in 
following works125,136. Lewis acid base reactions are found more prominently in the work 
of Lin et al137 and all other works138–143.  Typically, the best possibility of the reaction to 
happen is the defect sites, where B or N is defective and ready to react.  
It is more important to understand the covalent chemistry of BNNS because; 
covalent chemistries open more possibilities than ionic chemistry. Sainsbury et al144 
showed the direct reaction of nitrene radicals and oxygen radicals145 with BNNS. As we 
know the strength of direct nitrene and oxygen radicals, this work gives us an 
understanding of how difficult covalent chemistry of BNNS is. BNNS require very 
reactive species to react covalently. Similar to non-covalent chemistry, covalent chemistry 
will definitely benefit from defects on BNNS. Defective nitrogen can act as a nucleophile 
and so does a defective B can act as an electrophile. As BNNS have partly ionic characters, 
defective nitrogen is actually a very strong nucleophile as it will carry more negative 
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charge than normal lone pair of nitrogen. Nazarov et al146 reported exfoliated BNNS with 
6-7 wt% of oxygen by treating BNNS with H2O2, HNO3/H2SO4 mixture and oleum at 
100-150 OC. Ikuno et al138 reported the functionalization of BNNS with amine groups by 
plasma irradiation. These amino functional groups are further used to react with 3-
bromopropanoyl chloride (BPC) and formation of amide is reported. Zhi et al147 reported 
a similar reaction of formation of amide from benzoyl chloride and amine on BNNS. Once 
amine groups are introduced on to BNNS, a lot of amine functional group reactions can 
be carried out. Similar is the case with oxygen functionalization and nitrene addition. Wu 
et al142 reported adsorption way to introduce amine groups on to BNNS which is 
eventually understood to be chemical adsorption in nature. Cui et al148 reported formation 
of GO analog of BN by heating BNNS up to 1200 OC in oxygen environment. Han et al149 
decorated BNNS with stannic oxide with covalent reaction and adsorption. Similar 
reactions were reported in these works150–152 where BNNS were decorated with Ag and 
Au. 
Though it is not easy to modify the BNNS chemically, it is not impossible and can 
be done either ionically or covalently if harsh enough conditions were provided. We 
followed certain previously reported functionalizations and also created a new 
functionalization in the process of preparing TIMs. 
In summary, boron nitride can form several crystalline nanomaterials like BNNTs 
and BNNS and reliable synthesis methods are well studied now to produce these nano-
materials. A large scale industrially viable process is still a question but not very far away 
with large scale exfoliations and CVD methods yielding in milligram to gram quantities. 
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These nanomaterials show interesting properties in terms of electrical, thermal, 
mechanical, optical and morphological which are also tunable by introducing defects or 
by substituting with other atoms. Especially, functionalization with bi-functional ligands 
can help to chemically integrate these BNNS into other matrices and is the important 
concept in preparation of metallic TIMs based on copper or silver.  
2.4 Electrodeposition 
Electro deposition the technique of depositing metals on to a substrate by using 
electric field in a cell filled by electrolyte. When an external electric field is applied on to 
electrodes they turn into cathode and anode by assuming negative and positive charge 
respectively. In electrodeposition, typically anode is a sacrificial electrode as it dissolves 
in to the solution and typically deposits on to the cathode. During this electro deposition, 
several parameters like electrolyte concentrations, applied external electric field, 
temperate of the bath can be varied to get the required quality of the deposit. To understand 
more basics, certain concepts are presented below. 
Electrode potential 
When a metal is immersed in to aqueous solution, it immediately acquires a 
potential due to the electric interphase created by the interchange of metal ions between 
the crystal and the solution. The interchange of the ions soon reaches an equilibrium and 
the potential becomes constant called equilibrium potential (E). The aforementioned 
potential difference is measured with respect to standard hydrogen electrode (SHE). This 
potential can be calculated by Nernst equation which is given the equation 1. 
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𝐸 = 	  𝐸F + 	  2.303	   𝑅𝑇 𝑧𝐹 ln	   a(𝑀RS) (5) 
where T is the temperature, z is the metals oxidation state, F is the faraday constant 
and a is the activity of the metal ions in the solution. In the case of mixed ion solutions, 
the activity is calculated by the stability constant of the complex.  
In an electrochemical cell, external electric field is applied on to electrodes and for 
this the reason the electrode assumes a different electrode potential than the equilibrium 
electrode potential and this difference is called overpotential (𝜂). This overpotential 
decides the current that flows through the electrochemical cell and overpotential can be 
positive (anode) or negative (cathode). The relation for the overpotential and the current 
(i) flowing through the cell can be given by the equation 6 𝜂 = 𝑎 + 𝑏	  𝑙𝑜𝑔|𝑖| (6) 
where a and b are constants given by the following equations for a cathode 𝑎 = 2.303𝑅𝑇 𝛼𝑧𝐹 log 𝑖F (7) 𝑏 = 2.303𝑅𝑇 𝛼𝑧𝐹 (8) 
where i0 is the current when overpotential is zero, i.e., when no external electric 
filed is applied and 𝛼 is the transfer coefficient.  
These equations are valid only in the regime of kinetic control of the charge 
transfer, that is the current (charge flow) is slower than the diffusion of the metal ions in 
the solution. Current can never be more than the diffusion/transport of the ions in the 
solution to the electrode since they are the charge carriers and hence a limiting current is 
dictated by the mass transport of the ions in the solution. This limiting current is given by 
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the equation x. The quality of the deposit depends on the relative value of the current 
forced through the cell to the limiting current. 𝑖_ = (𝑛𝐹𝐷 𝛿)𝑐d (9)
where n is the number of electrons involved in the reaction, D is the diffusion 
coefficient of the ions, 𝛿 is the thickness of the Nernst diffusion layer and cb is the bulk 
concentration of the metal ions in the solution. A typical quality of the deposit is given in 
later chapters. 
The quantity (weight) of the deposit can be calculated by the equation x given 
below where Z is the electrochemical equivalent, i is the current flowing through the 
system and t is the time elapsed. 𝑤 = 𝑍𝑖𝑡 (10) 
The w can be used to calculate the thickness of the deposit which is more more 
importance by calculating the area of the deposit and known density of the deposit material 
assuming no air gaps are created in the matrix while depositing. 
Now, as the deposit grows in to a film, several theories are put forward regarding 
how ions are transferred on to the deposit and how the film grows. There are mainly two 
mechanisms for the ion transfer on the films and are called step-edge ion-transfer 
mechanism and terrace-ion transfer mechanism. Also, the growth of the film is believed 
to happen in either of the two mechanism called layer growth mechanism and 3D 
crystallite growth mechanism. The details of these above mentioned mechanism is beyond 
the scope of this work and many details can be found else where. However, both growth 
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mechanism eventually gives polycrystalline films, where each crystal can be called as a 
grain and the separation between two grains is called a grain boundary. The size of the 
grains highly depends on the overpotential and constituents of he electrolyte bath. 
Pulse electrodeposition is an important technique in the electrodeposition in which 
overpotential is not a direct current DC but a pulse or wave. This technique is used to 
control the quality of the deposit by dynamically modifying the Nernst diffusion layer at 
the electrode-solution interphase and forcing different amount of ions in to this region. In 
pulse deposition, a suitable waveform is created as the overpotential and this waveform 
typically consists of on and off times. The on time is when the potential difference is 
applied and off time is when the current forced through the cell is zero or negative which 
will allow the recently deposited atoms to move in to the most stable position before other 
atoms are deposited on to it. The waveform can be rectangular or sinusoidal or any other 
form which will best suit the deposition. 
Electrodeposition can be employed not only to deposit pure metals but also to 
create alloys or multilayers or composite materials by specific engineering. For alloy 
depositions, the electrolyte solution has to be carefully engineered for the concentrations 
of the involved ionic such that the they should have same or very comparable 
overpotential. Also, according the depletion rates of the ionic species, they have to be 
replenished to have same concentration through out the film thickness. More importantly, 
it can be summarized that electrodeposition can be innovatively used to obtain new type 
of materials or composites. We exploited this principle of electrodeposition by infusing 
functionalized BNNS in to the copper and silver electrolyte solutions and electro-co-
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depositing these nanoparticles with metal ions into the metal matrices to form homogenous 
composites. 
2.5 Graphene 
Graphite is a carbon form with hexagonal honeycomb like unit cell and stacked up 
layers weakly adhered to one another by van-der Walls interactions. It was understood 
that the reduction of number of layers in graphite gave rise to interesting properties and 
many studies were underway in this field, isolation of single layer graphite; graphene by 
Geim and co-workers153 at Manchester University in 2004 changed nanotechnology 
forever. The stable isolation of graphene spiked the interest and since then a lot of 
development took place in the synthesis of graphene and other 2D nano-materials which 
also led to increasing application of graphene in several fields like electronics, composites, 
bio-medical applications.94,154 
Graphene is a 2D material which is made up for sp2 hybridized carbons arranged 
in a hexagonal fashion. Graphene is initially extracted in micro-mechanical cleavage 
fashion but soon liquid exfoliation and CVD techniques [similar to BNNS discussed 
above] evolved in hope to control the quality of the graphene produced but were unable 
to scale up easily due to cost issues.154,155 The new advancement of producing graphene 
via Graphene Oxide method looks promising to scale up at low cost. In GO method, 
graphite is first modified in to graphite-oxide and then the material can be easily exfoliated 
in water at low mechanical energy due to improved interaction of oxide groups with water 
rather than just carbon groups. Once, the single layer GO sheets are obtained, they are 
reduced to form graphene sheets.156–158 Though there are certain challenges in reducing 
  
 
33 
the single layer GO without reassembling them again or breaking them, few studies claim 
to overcome them by using a higher pH water or using hydrazine as solvent for the overall 
process.159,160 
In this project, graphene is used to make nanocomposites with polystannate with 
the aim to improve the thermal conductivity of the polymer and also improve the stability 
of the polystannate in ambient conditions by making use of thermal and optical properties 
of the graphene respectively. Firstly, graphene is 97.7% transparent in the visible range 
but soon turns in to opaque as the layers stack up. When few layer graphene is considered, 
it absorbs most of the visible range wavelength and easily makes a light blocking 
element161,162. Most importantly, graphene is highly thermally conductive, not due to 
presence of free moving electrons but due to very low phonon-phonon scattering and 
highly reduced phonon-boundary scattering. In theory, it is calculated that graphene can 
have thermal conductivities up to 6000 W/m/K but experimentally graphene layers 
showing thermal conductivities ranging from 5000 – 2400 W/m/K were produced reliably 
and this value is dependent on the size of the layers4,155,163,164. The thermal conductivity of 
graphene saturates in the range of 4 - 7 layers and reaches a graphitic value of 2000 W/m/K 
at 7 layers which is still very high compared to any metal at room temperature94. Like BN, 
graphene is also much less thermally conductive in the out-of plane direction for the same 
reasons of the high boundary scattering faced by phonons and in fact for graphite, this 
conductivity is as low as 6 W/m/K.165,166 
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2.6 Polystannate 
Organo-metallic polymers such as polystannanes with tin as the backbone 
repeating unit, (-SnR2-)n, has  gathered a lot of attention recently. The first  report of these 
materials dates back to 1852 by Lowig167. Polystannanes can be synthesized via the Wurtz 
reaction168,169 in which dichlorortin compounds are reduced using sodium metal, 
electropolymerization170 in which dihalotin compounds are directly reduced in a 
electrochemical cell to form the polymers, and catalytic dehydro-polymerization171 of 
hydridies of tin.  All the above synthesis reported resulted in low yields or had detectable 
levels of oligomers or other by-products.  Comprehensive techniques were recently 
developed for higher yields and lower contaminants172,173.  These recent advancements in 
the synthesis of polystannanes furthered the exploration of these materials for a wider 
scope of applications.  The polymeric structure of these materials make them mechanically 
compliant and the metal centers along the backbone form a chain of sigma bonds that 
facilitate the electronic transport.  These polymers are soft while being thermally 
conductive which make them ideal candidates for applications towards heat management, 
advanced functional materials, bendable electrodes, coatings for electronic applications, 
etc..  The recently improved electrochemical polymerization has acceptable yields in the 
range of 30-70% depending on the monomer and promises to be scalable in higher 
through-put synthesis170,174,175.  However, polystannanes have proven to be sensitive to 
light168,176–179 and moisture170 making it difficult to process and handle in ambient 
condition. 
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In the electro polymerization reaction, monomers like dibutyldichlorotin are 
dissolved in a suitable solvent like DME which can dissolve the monomer and can act as 
a medium for electron transfer. During the reaction, electrons running through the solvent 
are utilized by the monomer to form a polymer. 
The polymer synthesized in this work made use of dichloro dibutyl tin as monomer 
and it easily decomposed in to oligomers with exposure to ambient conditions for less than 
an hour. Nanocomposite of the produced polymer and graphene nanoparticles were made 
to improve the thermal conductivities from 3-5 W/m/K to up to 40 W/m/K and also 
improve the stability in ambient conditions from less than hour to 24 hours.
  
*Reprinted with permission from “Metal–Organic–Inorganic Nanocomposite Thermal Interface Materials 
with Ultralow Thermal Resistances” by Yegin Cengiz et al., 2017. ACS Applied Materials and Interfaces, 9, 10120- 
10127, Copyright 2017 by American chemical society 
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3. COPPER BASED METAL- ORGANIC- INORGANIC NANOCOMPOSITES* 
This chapter gives the details of the synthesis of metallic-organic-inorganic 
nanocomposites in which copper is the metal matrix and the fillers are boron nitride 
nanosheets that are modified with thiosemicarbazide (TSC). 
3.1 Materials and Methods 
3.1.1 Materials 
Hexagonal Boron Nitride, h-BN (98%, APS: 0.5 micron), produced by the reaction 
of boric acid and ammonia at 900 OC (B(OH)3 + NH3 → BN + 3H2O) was received from 
Lower Friction-M.K. IMPEX Corp, (Mississauga, Ontario, Canada). Sulphuric Acid 
(H2SO4, ACS reagent, 95.0-98.0%), Copper (II) Chloride (CuCl2, 99%) and Copper 
Sulfate pentahydrate (CuSO4.5H2O, ≥98%) were obtained from Sigma Aldrich (St. Louis, 
MI). Thiosemicarbazide (CH5N3S, >98%) and 1,3,4-Thiadiazole-2,5-dithiol (C2H2N2S3, 
>95%) were obtained from TCI America (Portland, OR). N-methlyl-2-pyrrolidone 
(C5H9NO, 99%) (NMP) was obtained from VWR (Radnor, PA). Copper sheets were 
obtained from McMaster Carr (Elmhurst, IL) and aluminum substrate was obtained from 
Metals Depot (Winchester, KY). Silicon wafers (Silicon <100> P/Boron, >5000 ohm-cm, 
double side polish, <10 Angstrom Ra) were received from University Wafer (Boston, 
MA). 
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3.1.2 Preparation and characterization of BNNS and f-BNNS  
Preparation of BNNS  
The h-BN powder (98%, APS: 500µm) dispersed in N-Methyl-2-Pyrrolidone 
(NMP) was exfoliated by ultrasonic dispersion using a SYCLON ultrasonic cell crusher 
(Syclon Electr. Instr. Comp., Zhejiang, China). A suitable polar solvent having a similar 
surface energy to that of h-BN can be efficiently used for exfoliation. For this purpose, 
NMP (surface energy: 40.5 mJ/m2 at RT) was selected as the solvent for exfoliation of h-
BN (surface energy: 65 mJ/m2). 
Characterization of BNNS 
The dispersion containing the nanosheets was diluted and dropped onto a silicon 
wafer, and dried at 75 OC for 24 hours for Atomic force microscope analysis. Height sensor 
images were obtained via a Bruker Dimension Icon AFM (Bruker, Santa Barbara, CA) at 
0.5 Hz scan rate 512 samples/line. Several images were obtained to statistically determine 
the size and height distribution of BNNS via Nanoscope Analysis Software. Particle size 
distribution of the BNNS was also confirmed using dynamic light scattering (DLS) 
(Zetasizer Nano ZS90, Malvern Instr.Inc., Westborough, MA).  
High resolution transmission electron microscopy (HR-TEM) was performed in a 
JEOL ARM200F with electron probe aberration (Cs) corrector operated at 200 kV, also 
equipped with an Oxford Instruments X-MaxN 100TLE 100 mm2 detector for energy 
dispersive X-ray (EDX) spectroscopy and a Gatan Enfina spectrometer for electron energy 
loss spectroscopy (EELS).  High angle annular dark field (HAADF) and annular bright 
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field (ABF) Scanning transmission electron microscopy (STEM) imaging techniques were 
used to characterize the nanostructure morphology of the BNNS samples. 
Synthesis of f-BNNS 
Covalent functionalization of BNNS was achieved by reacting exfoliated BNNS 
with thiosemicarbazide (>98%) in NMP (1:10:100 in weight). The reaction took place at 
170 OC for 30 hours under nitrogen flow. The obtained product was dialyzed in NMP for 
10 hours to remove the unreacted ligands, followed by centrifugation at 3500 rpm for 15 
minutes. Next, the supernatant was removed, the precipitate (f-BNNS) was dried at 75 OC 
in a vacuum furnace for further removal of the remaining NMP from f-BNNS powder. 
Thus obtained f-BNNS are further washed in acetone and dried at 50 OC overnight. 
Characterization of f-BNNS 
Nuclear magnetic resonance (NMR) spectra in solid state were obtained on 
AVANCE-400 instrument. 11B shifts are reported relative to BF3(OEt2). High-power 
proton decoupling was applied with a 90° pulse time of 5 µs, a contact time of 5 ms, and 
a recycle delay of 8 s. Approximately 50 mg of the sample was packed into 5 mm Wilmad 
thin wall precision NMR sample tube 8" and loaded in to 7 mm CP-MAS rotors. The rotor 
spinning speeds were 4 kHz. All NMR measurements were carried out at 25 °C.  
HR-TEM analysis was carried out on the same instrument mentioned above and in 
same fashion. 
Synthesized f-BNNS was mounted on to a copper tape and placed on an Omicron 
XPS (Scienta Omicron GmbH, Taunusstein, Germany) for X-ray photoelectron 
spectroscopy. High resolution XPS spectra were carried out for N, S, C, and O atoms. In 
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addition, pure BNNS and pure thiosemicarbazide were also analyzed to confirm the 
functionalization. For further confirmation, Infrared and Raman spectroscopies were 
obtained via a Shimadzu IR Prestige ATR-FTIR (Shimadzu Scientific Instruments Inc., 
Columbia, MD) and a high spectral resolution analytical Raman microscope (LabRAM 
HR Evolution, HORIBA, Ltd., Edison, NJ), respectively by placing a small sample of dry 
f-BNNS powder under lens. 
3.1.3 Fabrication of Thin Film Nanocomposite TIMs  
Thin film nanocomposite TIMs were grown on aluminum sheets and silicon 
wafers. The aqueous electrolyte solutions were prepared by varying concentrations of 
CuSO4.5H2O, 1.8 M H2SO4, a trace amount of CuCl2, and various concentrations of f-
BNNS (0 wt% to 2.5 wt%). Each solution was sonicated for 10 minutes in a bath sonicator 
for homogenous dispersion of f-BNNS, and transferred to an electroplating cell. A pure 
copper sheet (>99%) and a substrate were connected to anode and cathode, respectively. 
The electrical power source was a Nuvant Powerstat05 Potentiostat (Nuvant Systems Inc., 
Crown Point, IN). The electrodeposition was carried out at a current density of 0 to 12 
A/dm2 and AC frequency of 950 Hz with 30% off time. The main advantage of the pulse 
electrodeposition is the ability to change experimental parameters such as pulse peak 
current density and on-/off-time in pulse electrodeposition to obtain the film of required 
quality. 
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3.1.4 Characterization and Performance Evaluation of TIMs 
Chemical Characterization of TIMs 
f-BNNS content in the nanocomposite thin films was obtained by chemical-
elemental analysis. The nanocomposite TIMs were cut into smaller pieces and immersed 
in an H2SO4/HNO3 acid solution (3:1 in volume fraction) at 40 OC. The solution dissolved 
the copper content and settled down the f-BNNS. The precipitate was drained out, dried, 
and weighed. Then, it was put in the acid solution again to remove any possible residual 
copper. This step was repeated several times until no change in the weight of the f-BNNS 
was observed. Several samples for each experimental condition were prepared and 
measured for statistical reliability.  
The Secondary ion mass spectrometer (SIMS) CAMECA 4F (Ametek Inc., 
France) has also been used to confirm the mass fraction of thin film nanocomposite 
samples. The analyzed surfaces were sputtered by the 5.5 keV O2+ beam with a current of 
15 nA. The diameter of the beam was ~3 µm; the raster was 250x250 µm2 for all samples. 
The measured secondary ions were positively charged.  
Mechanical Characterization 
Hardness and reduced elastic modulus values were measured via a Hysitron TI 950 
Triboindenter (Hysitron Inc., Minneapolis, MN). A Berkovich tip with a well-defined 
geometry was used for indentation and forty measurements were taken from each sample 
for statistical analysis. For each measurement, a force of 5000 mN was applied over 10 
seconds, and the tip was withdrawn from the surface for 10 seconds with a 5-second 
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holding time in between. The force versus depth curves were fitted to give the values of 
reduced modulus and hardness. 
Elastic modulus and Poisson`s ratio of the samples were measured by tensile 
testing via an INSTRON 5944 universal testing instrument (INSTRON, Norwood, MA). 
For this purpose, the thin film nanocomposite samples were machined as dog-bone-shaped 
tensile test specimens, which were produced in accordance with a scaled-down ASTM 
D882 standard. A 40X zoom camera was used to measure the change in cross section at 
the necking region to calculate the Poisson’s ratio. 
Also, the reduced modulus values obtained from Nanoindentation tests can be 
converted to Young`s modulus via the Poisson`s ratio. Tensile test specimens were applied 
a pre-determined tensile strain in the elastic region, the corresponding lateral strain was 
calculated by using a micrometer, and the Poisson`s ratio was calculated by the following 
equation; 𝑣 = 	  − ijkijl (11)  
The Poisson`s ratio of the nanocomposite samples was measured to be 0.337± 
0.05, which is not significantly different from that of pure copper (0.34). Then, the 
Young’s modulus (Es) of the samples were calculated via equation 12, 
mno = 	   (m.	  pqr)nq +	   (m.psr)ns  (12) 
where subscript i denote indenter properties and Er is the reduced modulus. 
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Thermal Characterization 
A Modulated Q20 DSC (TA Instruments, New Castle, DE) was used to measure 
specific heat capacity of the samples. For this purpose, TIMs were cut in to samples of 7-
12 mg and loaded in TZero DSC cells and loaded on to the instrument. A modulation of 1 
OC for every 120 seconds is applied for a 15-minute isothermal conditions at temperatures 
of 30 OC, 50 OC, 75 OC and 100 OC.  
Thermal diffusivity measurements were performed via a DLF-1200 laser flash 
diffusivity system (TA Instruments, New Castle, DE). Samples were cut in to 1 inch 
circles and loaded in to the furnace to take diffusivity measurements at 30 OC, 50 OC, 75 
OC and 100 OC. 
The density of samples was determined gravimetrically using Archimedes 
principle. “Any object, wholly or partially immersed in a fluid, is buoyed up by a force 
equal to the weight of the fluid displaced by the object”. This means volume of fluid 
displaced by an immersed body is equal to the volume of the body. A hollow cylinder with 
volume markings of 0.01ml is taken and observed under zoom-in camera. A pre-
determined weight of material is cut in to pieces and put in to the cylinder and the raise in 
the volume of water in the cylinder is observed from the 30X zoom-in camera. The 
measured volume and weight of the material is used to calculate the density. 
Thermal conductivity of free-standing samples was calculated using the measured 
thermal diffusivity (α), specific heat capacity (cp), and density (ρ) values as follows: 𝛼 = 𝐾. 𝜌.m. 𝑐v.m (13) 
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Figure 11 Sandwich configuration for the thermal resistance measurements used in 
the PSTTR technique. 
Further, phase sensitive thermal transient reflectance (PSTTR) measurements were 
done at NREL, Colorado to determine thermal resistance of the samples. In general, 
thermal resistance of the TIMs are measured under pressure loading which do not need 
any bonding between surfaces but as we are interested in creating an adhesive loading 
which is more relevant in low pressure loadings and bonding electronic devices we created 
an Al bonding layer to act as a binder which will add minimal resistance to the overall 
sandwich. The Cu-BNNS nanocomposite was bonded between two the silicon wafers by 
depositing Cu-BNNS on one silicon wafer of 1-inch diameter and using Al bonding to 
stick to the other silicon wafer. Pure aluminum of 4.5 µm thickness is melted on top of a 
silicon wafer under argon atmosphere and transferred it on to the TIM surface to form a 
sandwich which is cooled at ambient temperature overnight to form the Al bond. The 
overall sandwich configuration is showed in Figure 11.  Further details of this technique 
are discussed in appendix. 
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Thermal Cycling Behavior and Coefficient of Thermal Expansion (CTE) 
Thermal cycling tests were performed with the DLF-1200 laser flash diffusivity 
system to test the reliability of the produced TIMs. The samples were subjected to thermal 
cycling between room temperature (RT) and 100 OC for twenty cycles.  
CTE in the produced samples was measured using a thermal mechanical analyzer-
TMA (TA Instruments, Newcastle, DE) with a built-in tensile test setup. Rectangular thin 
film samples were prepared, mounted between the grips in the TMA analyzer, and heated 
up to 140 OC. The result was compared with those obtained from pure copper and pure 
silicon.  
3.2 Results and Discussion 
3.2.1 BNNS and functionalization of BNNS 
Filler geometry plays an important role in determining the mechanical and thermal 
properties of a composite materials. The AFM micrograph in Figure 12 shows that the 
BNNS are dispersed as mono- or few-layered structures. The bright features on the 
nanosheets are assumed to be NMP residues since it is a relatively non-volatile solvent. 
The size and thickness of the nanosheets were found to be 444±115 nm and 3.05±0.79 nm, 
respectively, (Fig. 12b and c) by measuring the dimensions of hundred individual 
nanosheets. Also, the effect of sonication on the particle size distribution was investigated 
by DLS measurements. Figure 12d indicates the decrease in the particle size with an 
exponential trend, which implies that the sonication of the h-BN powder can generate 
sufficient energy to break some of the covalent bonds between B and N atoms, and 
introduce defects at the edges. 
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Figure 12 Characterization of BNNS. (a) a height sensor image taken from exfoliated 
BNNS. (b,c)  frequency distribution of nanoparticle size and thickness of the BNNS, 
respectively, obtained from AFM images. (d) effect of exfoliation time on particle size 
distribution. 
The first step in producing metal/organic/inorganic nanocomposite TIMs was the 
functionalization of the boron nitride nanosheets with a ligand that is capable of reducing 
their effective stiffness and covalently linking BNNS with the metal matrix. Towards this 
end, we relied on thiosemicarbazide (TSC), which contains an amino group that can react 
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with electron deficient boron groups of BNNS, and a carbonothioyl group (or its tautomer, 
thiol) that can react with copper.  
 
Figure 13 a) 1H MAS NMR spectra of BNNS before and after the functionalization 
reaction with thiosemicarbazide. b) HR-TEM micrographs of BNNS before and 
after the functionalization reaction, and c) Proposed reaction schemes. 
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To gain insights into the reaction of TSC with BNNS, first, solid state 1H MAS 
(Magic-Angle Spinning) NMR (Nuclear Magnetic Resonance) was used (Figure 13a). 
There are a total of 8 different H atoms present in BNNS. These correspond to different 
hydrogens bonded to edge B and N atoms (N2BH, NBH2, NBH3-, B2NH, BNH2, BNH3+) 
and others in N2B(OH) and NB(OH)2 in no specific order. The major changes are observed 
as disappearance of peak at δ = 5.01 and shift at δ = 10.71 and -10.12 which correspond 
to hydrogens attached to edge B(OH), BNH3+ and NBH3- respectively. The major changes 
at the peak of δ = 5.01 is hydrogen in the hydroxyl group on an edge B atom. This indicates 
reaction with TSC as a condensation reaction. This was also supported by 11B MAS NMR 
spectrum for BNNS and f-BNNS shown in Figure 14. For neat BNNS, there were four 
major peaks: the largest signals (20.8 ppm and 11.8 ppm) correspond to tricoordinated 
boron atoms within B−N bonds of planar BN3 groups, the signal at δ = −25.7 ppm 
indicates the presence of tetragonal boron atoms (i.e. R4B−), and the signal at δ = 66.8 ppm 
suggests the existence of boron atoms with hydroxyl groups. The reaction of BNNS with 
TSC resulted in shifts only for tetra coordinated boron atoms (from −25.7 ppm to −17.2 
ppm) but not for boron from planar BN, indicating that the functionalization reaction takes 
place from the reactive edges of BNNS.   
The comparison of high-resolution TEM micrographs of BNNS before and after 
the functionalization step revealed that the functionalization occurs at the edges rather than 
on the basal plane (Figure 13b), which is preferred in 2-D materials to prevent the loss of 
intriguing properties. 
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Figure 14 11B MAS NMR spectra of BNNS and f-BNNS 
Further studies with Raman spectroscopy revealed the disappearance and major 
shifts at wavelengths 806 cm-1 (NH2 wagging and CS stretching), 1008 cm-1 (NN 
stretching and CN stretching), 1172 cm-1 (NN stretching), 1526 cm-1 (NH bending), 1630 
cm-1 (NH2 bending), and 3258 cm-1 (NH2 stretching) from the TSC spectra upon the 
reaction with BNNS (Figure 15). These findings demonstrate that the most notable 
changes on TSC occur on the amino group. 
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Figure 15 Raman Spectroscopic studies of BNNS, f-BNNS and pure 
Thiosemicarbazide 
All the above observations were also confirmed with FTIR spectra given in Figure 
16b. The disappearance of peak at 1614 cm-1 and the shift of the peak at 1639 cm-1 to 1675 
cm-1 is attributed to the cleavage of amine groups in thiosemicarbazide and the reaction of 
the remaining amine group with boron atoms on the BNNS. Similarly, the disappearance 
of peaks at 3255 cm-1 and 3362 cm-1 can also support these conclusions.  On the other 
hand, no significant change on the peaks associated with the primary amide was observed, 
proving that the functionalization reaction indeed takes place between the amino group of 
TSC and BNNS. 
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The complementary x-ray photoelectron spectroscopy (XPS) studies shown in 
Figure 16a gives the information on sulfur oxidation states. It is understood that sulfur 
bonding state is changed from double bond to single bond. The shift in XPS suggests the 
presence of S atom in the form of a thiol as shown in the NIST database. To accommodate 
all these observations, the S atom undergoes tautomer transformation to give thiol form. 
 
Figure 16 Characterization of functionalization via. (a) XPS and (b) Infrared (IR) 
Spectroscopy for pure BNNS, pure thiosemicarbazide and f-BNNS. XPS scan for a 
commercial amino thiol (3-Amino-1,2,4-triazole-5-thiol) was also performed for 
comparison. 
When we put all of these pieces obtained from NMR, TEM, Raman, FTIR and 
XPS together, the picture emerges that the electron-rich amino group of TSC reacts with 
hydroxylated and tetra coordinated borons at the edges of BNNS either via condensation 
or Lewis acid-base reaction (Figure 13c). In this reaction scheme, the carbonothioyl (or 
its tautomer, thiol) group sticking out of the f-BNNS is available for coordination bonding 
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with copper. Also, most importantly the functionalization is only at the edges which helps 
in preserving the intriguing properties of the BNNS. 
3.2.2 Metal nanocomposite TIMs 
Traditional molten metal-based mixing and agitation approaches for 
metal/inorganic nanocomposites are not feasible for producing metal/inorganic/organic 
hybrid nanocomposite TIMs due to the presence of organic linker molecules and the high 
melting temperature of copper. To overcome this challenge, we developed a programmed 
electro-co-deposition approach by which the reduction of copper ions and the nucleation 
and growth of the resultant elemental copper on the cathode occurs, while f-BNNS 
experience Brownian motion and reaches the cathode through diffusion (Figure 17a).  
Once the f-BNNS bearing carbonothioyl/thiol groups on the terminal edges come 
into the contact with copper crystals, the chemisorption reaction takes place as proved in 
Figure 17b. The coordination reaction between copper atom and sulfurous groups was 
confirmed through X-ray photoelectron spectroscopy (XPS) studies as evidenced by a 
shift in binding energy of some fraction of copper from 932.75 eV to 934.80 eV. The 
interplay among these three processes determines the nanostructure of the resultant 
metal/inorganic/organic hybrid nanocomposite.  Using this approach, we were able to 
produce fairly homogenous films (Figure 17c). The fracture SEM studies revealed that the 
nanocomposite TIMs developed have a peculiar nanostructure in that f−BNNS are 
localized only at the grain boundaries of copper crystals (Figure 17d). It is also possible 
to manipulate the properties of the nanostructure by adjusting the composition and pH of 
electrolyte, current density, and time and these effects will be discussed in detail below. 
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Figure 17 a) Illustration of the chemisorption coupled electrodeposition approach. b) 
XPS analysis of copper in pure copper and nanocomposite TIM. c) photograph of a 
typical metal/organic/inorganic nanocomposite TIM, and d) SEM micrographs and 
schematic illustration showing the distribution of f-BNNS across the copper matrix. 
Effect of time 
Electroplating experiments to produce copper-based metal-inorganic-organic 
nanocomposites were performed at various time periods to investigate the effect of time 
on thickness and morphology of thin film samples (Figure 18). It was observed that for 
current densities of 5-12 A/dm2, when the electro deposition time was below 45 minutes, 
the thin films were unstable and sometimes even there was no film formation. Above 45 
minutes, robust films were obtained. The thickness of the samples increased as the 
electroplating time increased. 50-100 micrometer thick TIMs could be obtained with an 
electro deposition time of 60 minutes at a current density of 12 A/dm2.  
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Figure 18 Effect of electroplating time on morphological properties of the developed 
TIMs 
Figure 19 shows the time dependence of thickness of TIMs. Once the 
electroplating time required to produce desired film thickness was determined, the 
influence of various other parameters on surface morphology, mechanical and thermal 
properties of metal nanocomposites was examined. The first parameter of interest was the 
concentration of CuSO4 in the electro deposition solution. Nanocomposites were produced 
at several CuSO4 concentrations for a fixed f-BNNS concentration of 2.5 wt. % f-BNNS. 
As shown in Figure 20, the electro deposition did not work well at CuSO4 concentrations 
below 1 M. At higher concentrations, mechanically promising thin films were produced. 
Then, SEM and EDX were employed to study the surface morphology and verify the 
homogenous dispersion of building blocks in the matrix as shown in Figure 21.  
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Figure 19 Effect of time on thickness of TIM film 
Figure 20 Effect of concentration of CuSO4 in the electrodeposition solution on 
morphology of the developed TIMs 
Figure 21 SEM micrographs of nanocomposites involving functionalized BN 
nanosheets prepared varying CuSO4 concentrations ranging from 1M to 2M. 
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Effect of Copper Sulfate (CuSO4) Concentration  
Figure 21 indicates the SEM micrographs of TIMs involving copper matrix and 
functionalized-BNNS prepared at varying CuSO4 solution concentrations. Increasing the 
CuSO4 amount in the solution leads to formation of rougher thin film surfaces. Table 2 
summarizes the EDX results giving the average concentration of BN present in the 
produced nanocomposites. As expected from SEM micrographs, the average BN 
concentration generally decreases up on increase in the CuSO4 concentration. Even 
though the lowest BN concentration was obtained at 1.5M CuSO4, overall there is a 
decreasing trend for BN concentration within the copper matrix. The effective densities of 
the metal nanocomposite thin films based on the concentrations were calculated to be 
between 3.4 and 5.8 g/cm3. [Initially for the preliminary experiment purpose, most 
analysis were carried out just with EDX for BNNS content and density calculation and 
precise measurements via elemental analysis and SIMS are done only at the final 
parameter.] 
Regarding the thermal properties, table 3 and table 4 summarizes the specific heat 
capacity and thermal diffusivity of TIMs obtained using different CuSO4 concentrations 
respectively. As concentration of copper sulfate increases, specific heat value increases 
and thermal diffusivity decreases. This is a reasonable trend because higher CuSO4 
solution concentration gives rise to nanocomposites with higher copper fraction in 
comparison to ligand and BNNS.  
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Table 2 Weight fractions of f-BNNS in nanocomposite matrix and calculated density 
values as a function of CuSO4 concentration 
CuSO4 Concentration 
(M) 
Average BN Concentration on 
thin film (wt.%) 
Density of 
Nanocomposite (g/cm3) 
1.00 30.8 3.42 
1.25 25.2 3.85 
1.50 10.6 5.75 
2.00 20.2 4.35 
Table 3 Effect of CuSO4 concentration on Specific Heat Capacity 
CuSO4 Conc. (M) 
cp at T=30 oC cp at T=40 oC cp at T=50 oC Average 
cp (J/g.K) (J/g.K) (J/g.K) (J/g.K) 
1 0.343 0.309 0.307 0.319 
1.25 0.344 0.322 0.321 0.329 
1.5 0.384 0.391 0.399 0.392 
2 0.343 0.349 0.345 0.349 
Thermal diffusivity decreased by only 2-3% by changing temperature from 25°C 
to 100°C, indicating that the TIMs developed will not lose their performance by 
experiencing heating generated by the electronic devices. Table 5 summarizes the 
corresponding thermal conductivity values for these TIMS. It is important to underline 
thermal conductivity values as high as ~ 175 W/m.K were obtained. 
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Table 4 Thermal conductivity of metal nanocomposites as a function of CuSO4 
Concentration near room temperature 
CuSO4 Concentration 
(M) 
1 1.25 1.5 2 
Thermal Conductivity 
(W/m.K) 
110 98 174 113 
Table 5 Effect of f-BNNS concentration on thermal diffusivity at temperature 
between 25 OC and 100 OC 
 
CuSO4 
Conc. (M) 
Thermal Diffusivity (cm2/s) 
T=25 oC T=40°C T=60°C T=80°C T=100°C 
1.00 0.945 0.943 0.936 0.939 0.930 
1.25 0.744 0.726 0.725 0.726 0.717 
1.5 0.789 0.784 0.776 0.759 0.757 
2.00 0.759 0.752 0.743 0.747 0.726 
Regarding the mechanical properties, Figure 22 displays the mechanical properties 
of TIMs involving copper matrix and functionalized-BNNS prepared at varying CuSO4 
solution concentrations. The reduced Young`s modulus values, Er, ranged from 30 GPa 
to 50 GPa while hardness values, H, ranged from 0.2 to 0.3 GPa. Moreover, the elastic 
modulus (Er) of the thin film corresponding to Er of 30 GPa was calculated to be 27.6 
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GPa. Though these values are still much lower than pure copper (100-120 GPa for E and 
1.1-2.8 GPa for H), the nanocomposites inherit more copper character with increasing 
CuSO4 concentration in solution. 
In addition, we cannot have very low CuSO4 concentrations in solution because, 
then, electro deposition does not produce robust films. Namely, there is an optimum range 
of CuSO4 concentration at which electro deposition should be carried out. Our results 
suggest that the optimum is 1 to 1.5 M CuSO4 in electrolyte solution. 
 
Figure 22 Reduced modulus and hardness values as a function of CuSO4 
concentration in the electroplating solution 
Effect of Current Density in Electroplating Solution 
Next, we investigated the influence of current density on morphological, thermal, 
and mechanical properties of TIMs developed. Figure 23 shows pictures of the TIMs 
produced at different current densities. In general, lower current densities produced 
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smoother and more uniform films. This could be better observed under SEM at higher 
magnification (Figure 24). At very high current densities (i.e. >20 A/dm2), the samples 
become very non-homogenous and brittle (not shown). This is due to the rapid growth of 
copper crystals at higher current density. In other words, at high deposition rates, the 
copper crystals do not have enough time to rearrange themselves to tightly pack on the 
cathode, and hence, leads to rougher films.  
Figure 23 Effect of current density on morphology of the developed TIMs 
Figure 24 SEM micrographs of nanocomposites involving functionalized BN 
nanosheets and copper produced at current densities ranging from 5A/dm2 to 
12A/dm2 
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As summarized in table 6, EDX analysis showed that average BN concentration in 
the nanocomposite was 20-30 wt. % for the conditions studied, leading to effective 
densities of 3.4-4.2 g/cm3.  
Regarding thermal properties, once again, we see that specific heat capacity is 
being mostly constant (Table 7). Here, the values are fluctuated around 0.31-0.32 J/g.K. 
Though lesser current density makes films smoother, there was no significant change in 
composition of the material and hence no significant variation in the specific heat capacity 
values. Similar to the previous cases, thermal diffusivity decreased by only 2-3% by 
changing temperature from 25°C to 100°C, indicating that the TIMs develop will not lose 
their performance by experiencing heating generated by the electronic devices (Table 8). 
The corresponding thermal conductivity values are shown in Table 9. The change in the 
thermal conductivities was also not large.  
Table 6 Weight fractions of f-BNNS in nanocomposites and calculated density values 
as a function of current density 
Current Density 
(A/dm2) 
Average BN Concentration 
on thin film (wt.%) 
Density of Nanocomposite 
(g/cm3) 
5 24.6 3.91 
6 21.4 4.22 
8 25.6 3.82 
12 30.8 3.42 
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Table 7 Effect of current density on specific heat capacity of TIMs developed 
Current Density 
(A/dm2) 
cp at T=30 oC cp at T=40 oC cp at T=50 oC Average Cp 
(J/g.K) (J/g.K) (J/g.K) (J/g.K) 
5 0.309 0.314 0.314 0.312 
6 0.317 0.317 0.321 0.318 
8 0.304 0.308 0.321 0.311 
12 0.343 0.309 0.307 0.320 
Table 8 Effect of f-BNNS concentration on thermal diffusivity at temperature 
between 25 OC and 100 OC 
Current Density (A/dm2) 
Thermal Diffusivity (cm2/s) 
T=25°C T=40°C T=60°C T=80°C T=100°C 
5 0.766 0.758 0.747 0.739 0.729 
6 0.706 0.703 0.697 0.684 0.670 
8 0.685 0.668 0.668 0.653 0.642 
12 0.945 0.943 0.936 0.939 0.930 
Regarding mechanical properties, nanoindentation data is shown in Figure 25. One 
can see that the reduced modulus and hardness were mostly constant (or very slightly 
increased) with increasing current density. While the reduced modulus ranged from 20-40 
GPa, hardness ranged from 0.15 to 0.40 GPa. Overall, current densities in the range of 5-
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12 A/dm2 are found to be acceptable from mechanical and thermal standpoint. Current 
densities above 20 A/dm2 gave rise to brittle films, and are not suitable to grow the films. 
Table 9 Thermal conductivity of metal nanocomposites as a function of current 
density near room temperature 
Current Density 
(A/dm2) 
5 6 8 12 
Thermal 
Conductivity (W/m.K) 
92.6
2 
94.3
6 
79.6
1 
110.7
5 
Figure 25 Reduced modulus and hardness values as a function of current density 
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Effect of f-BNNS Concentration 
Later on, with optimized paramters of time, concentration of copper sulpate and 
optimized electric wave the effect of f-BNNS concentration is studied. Figure 26 shows 
the secondary ion micrographs obtained for the thin film nanocomposite samples, which 
were grown on to Al substrates at various electrolyte solutions (low, intermediate and 
high, respectively). These images, firstly prove the homogeneous dispersion of f-BNNS 
in the TIM matrix. High intensities of Boron ions were detected on the surface whereas 
the intensity gradually decreased at the depth of ~1 µm, and eventually stabilized.  
As expected, the intensity of the B ions on the nanocomposite TIMs is increasing 
as the concentration of the solution increases. From the intensity vs. time profiles, it was 
determined that the intensity of f-BNNS in the nanocomposite samples is linearly 
increasing with the f-BNNS concentration in the electrolyte solution. The f-BNNS loading 
in the samples corresponding to the intensity of f-BNNS were determined via chemical 
elemental analysis. Figure 26d shows the f-BNNS content of the nanocomposite samples 
as a function of solution concentration. 
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Figure 26 SIMS micrographs (lateral resolution ~3µm) obtained for nanocomposite 
TIMs at various f-BNNS concentrations in electrolyte solution. (a) low (0.1 wt.%), 
(b) intermediate (1.0 wt%) and (c) high (2.5 wt.%) concentrations. (White spots 
indicate B ions) (d) f-BNNS loading in nanocomposite TIMs in terms of volume 
fraction versus f-BNNS concentration in electrolyte solution. 
The bulk thermal conductivity of the nanocomposite TIM, measured via the laser 
flash diffusion technique as well as the phase-sensitive transient thermo reflectance 
technique, was found to decrease with increasing amount of f-BNNS in the copper matrix, 
with diminishing returns (Figure 26a). The reductions due to the presence of organic linker 
molecules was relatively low (up to 40%, from 370 W/m.K to 211 W/m.K), which is 
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ascribed to the fact that TSC covalently attaches BNNS to copper matrix. This is consistent 
with the findings of Losego et al.180 showing that the strength of a single bonding layer 
directly governs phonon heat transport across an interface. Strong covalent interactions 
lead to much higher interfacial thermal conductance in comparison to the weak van der 
Waals interactions due to ability to form an effective gradient for reducing the impedance 
mismatch. Furthermore, the localization of TSC at the edges of BN nanosheets can guide 
phonons through the in-plane direction along nanosheets rather than the out-of-plane 
direction, along which the thermal conductivity of 2-D materials is about two-orders of 
magnitude lower than that in the in-plane direction. 
The details of complex thermal transport across the metal/inorganic/organic 
nanocomposite can be explained with a combination of phononic and electronic modes. 
In the absence of f-BNNS, the system is in a percolated regime with interconnected copper 
microcrystals where the thermal transport is mostly through electrons. As f-BNNS is 
introduced into the system, while the degree of percolation of copper microcrystals 
decreases, new phonon bandwidth emerges via f-BNNS linkers owing to an-harmonic 
phonon-phonon coupling and electron-phonon coupling at the metal-linker interface.181 
Overall, organic linkers, filtering some phonon modes as well as scattering moieties for 
electron transport, act as a bottleneck to thermal transport and result in a reduction of 
thermal conductivity of pure BNNS, and thus the overall composite. Bulk thermal 
conductivities of copper matrix and f-BNNS calculated according to fit explained by 
Phelan et al182 were 370 and 100 W/(m.K), respectively, which are in agreement with 
recent studies.183 Introduction of f-BNNS in copper grain boundaries replaces a part of 
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electronic thermal transport with phonon thermal transport. As f-BNNS loading is 
increased, more such sites reduce the thermal conductivity until no new sites are occupied 
by f-BNNS. We see this region is obtained around the 0.12 volume fraction (Figure 27a) 
and beyond this point, no more reduction in thermal conductivity is observed. 
When a heat source and a heat sink are coupled through a TIM, the asperities of 
heat source/sink surface apply compressive stress in the perpendicular direction to the 
TIMs. Thus, a nanoindentation technique, involving a very similar geometry, is used as 
the main mechanical characterization technique in this study. As shown in Figure 27b, the 
Young’s modulus of the hybrid nanocomposite gradually decreased with the increasing f-
BNNS content in the hybrid nanocomposite, slowly plateauing around 20 GPa.  
This trend can be attributed to the interplay among metallic bonds between copper 
atoms; van der Waals interactions between copper microcrystals, between copper 
microcrystals and BNNS, and between BNNS; the bond strengths of ligand-BNNS pair 
and ligand-copper microcrystal pair; and buckling or bending of BNNS. In the absence of 
f-BNNS, the mechanical properties of copper are determined by van der Waals forces and 
metallic bonds holding copper microcrystals together. When f-BNNS is introduced to the 
matrix, the van der Waals forces between copper microcrystals decrease due to the 
screening effects induced by the presence of less polarizable materials and the increased 
distance between microcrystals, which also causes the disappearance of the short ranged 
inter-crystalline metallic bonds.184 However, new forces stemming from the linking of 
copper to BNNS through thiol/copper and amine/BNNS bonds also arise. Because f-
BNNS is only functionalized from the edges, the latter effect cannot balance the former 
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effect, resulting in a reduction in the Young’s modulus. As the f-BNNS loading increases, 
the formation of f-BNNS aggregates between grain boundaries occur. Considering that 
van der Waals interactions between metals are much higher than that between inorganics 
or organics, the presence of f-BNNS aggregates, in turn, introduce regions that are held 
together through weak van der Waals forces in the nanocomposite. 
Figure 27 a) The variation in the bulk thermal conductivity of the hybrid 
nanocomposite TIM as a function of f-BNNS loading. The fit is based on the 
percolation theory. b) The influence of f-BNNS content on the Young’s mod 
The modulus values were also obtained from the modified Halpin-Tsai model by 
considering the f-BNNS as randomly oriented discontinuous fillers:185,186 𝐸, = 3 8 mSx(%y iy)z{pym.z{py + 5 8 mSxz|pym.z|py 𝐸1 (14) 
where 𝜇_	  = (ny n~).m(ny n~)Sx(%y iy) , 	  𝜇/ = (ny n~).m(ny n~)Sx, Ec, EM, Ef are the elastic moduli of 
the composite, matrix and filler, respectively, lf, df and vf are the filler thickness, diameter 
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and volume fraction, respectively. The calculations from the model yielded the elastic 
moduli of copper and the f-BNNS to be 48.2 GPa and 1.6 GPa, respectively (r2=0.952). 
The resultant elastic modulus of pure copper was somewhat lower than the literature value, 
which is well-known to occur for electrodeposited materials due to the formation of nano- 
and micro-pores.187,188 Most organic ligands have elastic moduli less than 1 GPa189 and 
the reported out-of-plane bending and in-plane elastic modulus of BNNS are 20-30 GPa190 
and 0.8-1.2 TPa,191 respectively. In addition, the organic ligands constitute a small fraction 
of f-BNNS volume (1.4% - 1.2%) due to the functionalization only on the edges. Hence, 
an effective modulus of 1.6 GPa for the filler implies that f-BNNS behaves closer to the 
Reuss Model (the lower-bound modulus) where the elastic modulus is averaged via the 
inverse rule of mixtures.  
An electronic package contains various insulating and conducting materials which 
have different coefficients of thermal expansion (CTE). When an electronic device is 
powered up so that the package is subject to a temperature change, each material with 
different CTE deforms at a different rate. This non-uniform CTE distribution typically 
gives rise to thermally-induced mechanical stresses within the package assembly. Hence, 
having a CTE value close to semiconductors and heat sink materials are desirable for 
typical TIMs. TMA measurements revealed that the CTE of the nanocomposite TIM at 12 
wt.% loading is 11 ppm/K compared to 17 ppm/K of pure copper as shown in Figure 28. 
This value of CTE is desirable since the most common chip material – silicon - has a CTE 
of 2.7 ppm/K and the CTE of our TIMs lie in between the CTE of silicon and common 
heat sink materials (aluminum (22 ppm/K) and copper (17 ppm/K)). Commonly used 
  
69 
indium or epoxy-based TIMs, which have a typical CTE of 20 ppm/K and 30 ppm/K, 
respectively, are associated with a higher risk of thermal stress due to a large CTE-
mismatch between the heat source and heat sink junctions. As such, the nanocomposite 
TIMs can reduce mechanical stress due to CTE-mismatch and aid the long-term reliability. 
In general, the total thermal resistivity of a TIM strongly depends on its bulk 
thermal conductivity and Young’s modulus, design parameters such as thickness and 
applied load (or adhesion force), and contact resistance. Hence, to put the measured 
properties of the hybrid nanocomposites into perspective, we relied on a bulk thermal 
conductivity versus Young’s modulus plot and compared our values with the current-state-
of-art and common TIMs (Figure 29). 
 
Figure 28 CTE values for the pure silicon, pure copper and nanocomposite TIM 
compared in the range of 110 OC -140 OC. It is very clear from the graph that the 
CTE of the TIM makes it a perfect bridging material between silicon and copper 
from the perspective of handling thermal stresses 
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Figure 29 The comparison of bulk thermal conductivity versus elastic modulus 
values for various types of thermal interface materials and the developed chemically-
integrated metal/organic/inorganic nanocomposite thermal interface materials 
While the bulk thermal conductivity of the hybrid TIM was only 40% lower than 
that of pure copper (the base matrix), the compliance of the hybrid TIM was about 4 times 
larger than that of pure copper. In comparison to polymer TIMs, the hybrid nanocomposite 
TIMs lead to one-to-two orders of magnitude increase in the thermal conductivity with 
only a small loss in softness. The developed TIMs thermally outperforms solder TIMs 
about three- to five-fold while they have similar or a slightly better mechanical compliance 
than solder TIMs. The combination of these thermal and mechanical properties gave rise 
to a total thermal resistance of 0.38±0.10 mm2.K/W for 30 µm bondline thickness and 
0.56±0.10 mm2.K/W for 50 µm bondline thickness under adhesive load. The thermal 
resistance values contain the contribution from several interfaces and solid layers, but are 
still very low compared with the traditional TIMs – at least a factor of 5 lower at 
comparable BLT. 
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Figure 30 Thermal cycling for electrodeposited pure Cu and hybrid nanocomposite 
TIMs between 25 °C and 100 °C (each 25-100 in graph corresponds to 5 cycles) 
It is crucial to understand the combined effect of time and temperature on the long-
term reliability and aging behavior of the developed nanocomposites. Hence, we 
conducted some “stress tests” by exposing our material via heating-cooling cycles as well 
to determine if there is any hysteresis in thermal properties. We cycled the samples for 
100 cycles varying the temperature from 25oC to 100oC, where most electronic devices 
are expected to operate. We notice no significant drop in thermal conductivity. The 
Thermal conductivity for a 4.5 wt% sample changed from 250 W/m.K to 220 W/m.K 
which corresponds to a change of thermal resistance from 0.38 mm2K/W to 0.4 mm2K/W 
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for a 30 µm sample. In future, we plan to test the TIM over 1000 cycles. This study was 
shown in the Figure 30. 
3.3 Conclusion 
Figure 31 gives perspective on the superiority of the produced TIMs in comparison 
to the currently available TIMs. The chemically-integrated metal/organic/inorganic hybrid 
nanocomposite provides a promising thermal management solution that can significantly 
reduce the thermal resistance in high thermal dissipation applications, and can help in 
achieving the broader goals of compact, high-power-density (electronic) components. 
Figure 31 Comparison of resistances for different TIM classes as taken from 
Narumanchi et al.192, Indium matrix193, BN nanofiber in indium91, solder matrix 
nanopolymer89 and this work (Nanocomposite TIM). 
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4. EFFECT OF LIGAND ON COPPER BASED TIMS AND CORROSIONS
RESISTANCE 
4.1. Effect of Ligands on the Properties of Copper-based Nanocomposite TIMs 
4.1.1. Background 
Successful fabrication and characterization of Cu-based organic-inorganic 
nanocomposite TIMs involving thiosemicarbazide (TSC), as discussed in Chapter 3, 
motivated us to search for other ligands for functionalization of BNNS. Initially, 
polyethylene glycol dithiol (PEG-D), a free polymeric ligand was added to the process of 
fabricating the nanocomposite TIMs involving TSC based on the strong interaction 
potential of thiol functional groups of PEG-D with the metals.194 Trace amounts of PEG-
D (1 wt.%) reduced the elastic modulus and hardness of the nanocomposite TIMs 
involving TSC about 35% and 29%, respectively, without significantly affecting the 
thermal properties. The obtained enhanced mechanical and thermal results in presence of 
the free ligand indicate that PEG-D strongly bonded to the metal crystals and provided 
additional enhancement in mechanical compliance of the nanocomposite TIMs.  
In the next step, TSC was replaced with various ligands containing different 
chemical structures and functional end groups. Based on well-established nitrene 
functionalization of BNNS144, ligands with amino groups were selected. Additionally, 
those with chloride and carboxylic acid functional groups were also chosen for possible 
functionalization reactions. For the metal-ligand side, main functional group was kept as 
thiols as well as amine groups.180,194 This initial step for replacing TSC with other ligands 
is defined to be PHASE I, the details of which will be given later. 
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In the first phase of the study, although certain literature and chemistry knowledge 
were employed, the ligand selection was a trial-error process. In PHASE II, a more 
detailed selection process was followed by interplay of the three functional groups of 
ligands, two end groups and the central structure, depending on the nature of the 
interaction that is the point of interest, i.e. while two of those groups were set to be the 
same the third one was being switched. Detailed chemical structures of the ligands and the 
corresponding thermal and chemical properties will be included in the next sections.      
4.1.2. Materials and Methods 
Hexagonal Boron Nitride, h-BN (98%, APS: 0.5 micron), was received from 
Lower Friction-M.K. IMPEX Corp, (Mississauga, Ontario, Canada). Sulphuric Acid 
(H2SO4, ACS reagent, 95.0-98.0%), Copper (II) Chloride (CuCl2, 99%), Copper Sulfate 
pentahydrate (CuSO4.5H2O, ≥98%), Ethylenediamine Tetraacetic acid (EDTA, 99%), and 
Polyethylene Glycol Dithiol (PEG-D, Mn: 3,400) were obtained from Sigma Aldrich (St. 
Louis, MI). N-methlyl-2-pyrrolidone (C5H9NO, 99%) (NMP) was obtained from VWR 
(Radnor, PA). Copper sheets were obtained from McMaster Carr (Elmhurst, IL) and 
Aluminum substrate was obtained from Metals Depot (Winchester, KY). Silicon wafers 
(Silicon <100> P/Boron, >5000 ohm-cm, doubleside polish, <10 Angstrom Ra) were 
received from University Wafer (Boston, MA). Thiosemicarbazide (TSC, CH5N3S, 
>98%), Terepthalic Dihydrazide (TD,  C8H10N4O2, >90.0%), 4-mercaptobenzoic Acid (4-
MBA, >95.0%(GC)(T)), 4-cyanobenzoyl Chloride (4-CBC, C8H4ClNO,  >98.0%), and 2-
mercapto-5-benzimidazole carboxylic acid (2-MBC, C8H6N2O2S, >97%), 4-nitrobenzoyl 
chloride (4-NBC, C7H4ClNO3 , >98.0%), 4-bromobenzoyl chloride (4-BBC, C7H4BrClO, 
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>98.0%), p-toluoyl chloride (p-TC, C8H7ClO, >98.0%), 4-aminobenzenethiol (4-ABT, 
C6H7NS, 98.0% ), 4-mercaptotoluene (4-MT, C7H8S, >97%), and 3-mercaptopropionic 
Acid (4-MPA, C3H6O2S, >98% ) were obtained from TCI America (Portland, OR).  
Covalent functionalization of BNNS with thiosemicarbazide (TSC) and terepthalic 
dihydrazide (TD) was achieved by the same protocol: BNNS with ligand in NMP were 
mixed with the ratio of 1:10:100 in weight, and heated. The reaction took place at 170 ˚C 
for 30 hours under nitrogen flow. The obtained product was dialyzed in NMP for 10 hours 
to remove the unreacted ligands, followed by centrifugation at 3500 rpm for 15 minutes. 
Next, the supernatant was removed; the precipitate (functionalized BNNS, f-BNNS) was 
dried at 75 oC in a vacuum furnace for further removal of the remaining NMP from f-
BNNS powder.  
BNNS were functionalized with 2-Mercapto-5-benzimidazolecarboxylic acid (2-
MBA) and 4-mercapto benzoic acid (4-MA) with the same method: The ligand the the 
BNNS were used at a ratio of 5:1 in weight. The ligand was fully dissolved in H2O and a 
trace amount of EDTA was added to the aqueous solution. Then, the BNNS was added to 
the solution and stirred for 12 hours. The stirred solution was rinsed with 5 liters of H2O, 
and to remove the excess ligands, the solution containing 2-MBA was filtered with a 400 
nm size filter while that containing 4-MA was filtered with a 250 nm one. The residues 
were collected and dried at 60 OC for 24 hours. 
The functionalization protocol with 4-cyanobenzoyl chloride (4-CBC), 4-
nitrobenzoyl chloride (4-NBC), 4-bromobenzoyl chloride (4-BBC), p-toluoyl chloride (p-
TC), 4-aminobenzenethiol (4-ABT), 4-mercaptotoluene (4-MT), and 3-
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mercaptopropionic Acid (4-MPA) was the same: BNNS and the ligand were mixed in a 
flask at a ratio of 1:3 in weight, and kept at 125 OC for 96 hours under nitrogen flow.  A 
condenser was connected to the flask to prevent the escape of the evaporated ligand. The 
product of the reaction was rinsed with ethanol for removal of excess ligand. Then, the 
residual product centrifuged at 4000 rpm for 15 minutes to remove the remaining ethanol. 
The final product was dried at 50 ˚C for 24 hours. 
The functionalization reactions and possible chemical interactions were verified 
via ATR-FTIR method. The infrared spectra were measured using a Shimadzu IRPrestige-
21 system. 
The electrodeposition of Cu/f-BNNS thin film nanocomposite TIMs involving 
various ligands (TSC, TSC+PEG-D, TD, 2-MBC, 4-MBA, 4-CBC, 4-NBC, 4-BBC, p-
TC, 4-ABT, 4-MT and 3-MPA) were achieved with the same electrolyte solution 
described in Section 3.1.3. The thin film samples were grown onto aluminum sheets and 
some of these samples were also grown onto the silicon wafers for contact resistance 
measurements. Microstructural analysis, and mechanical/thermal characterization of Cu-
based nanocomposite TIMs were completed by the same techniques described in Sections 
3.1.4. 
4.1.3. Results and Discussion 
Phase I 
Figure 32 illustrates the five types of ligands used for functionalization in PHASE 
I. These functional groups were especially selected due to their bifunctional nature and the 
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presence of amino groups, which can react with defective sites of BNNS, and cyano, thiol 
and amino groups, all of which can form complexes with copper.  
All functionalization reactions were characterized by FTIR analysis, and the 
selected FTIR spectra for 2-MBC acid are shown in Figure 33. The comparison of spectra 
for the pure ligand and ligand functionalized BNNS indicates that the peaks at 1525 cm-1, 
1608 cm-1, 1740 cm-1, and a broad peak at 3050 cm-1 disappeared upon functionalization 
reaction, suggesting that 2-Mercapto-5-benzimidazolecarboxylic acid indeed reacted with 
BNNS (Figure 33). 
Figure 32. Ligands used in PHASE 1. 4-MBA (4-mercaptobenzoic acid), 4-CBC (4-
cyanobenzoyl chloride), TD (terepthalic dihydrazide), 2-MBC (2-mercapto-5-
benzimidazole carboxylic acid), and TSC (thiosemicarbazide)  
Figure 34a&b depict the thermal conductivity measurements and nanoindentation 
test results of the Cu/f-BNNS nanocomposite TIMs, respectively; obtained from the cases 
of several ligands illustrated in Figure 32. The results from the initial case when PEG-D 
was added as a free ligand are also compared with the others.  
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Figure 33. FTIR spectra of pure 2-MBC and f-BNNS with 2-MBC 
Figure 34. PHASE I effect of organic ligands on. a) thermal conductivity and b) 
mechanical properties of Cu/f-BNNS thin film nanocomposite TIMs (Abbreviations: 
TD-Terepthalic dihydrazide, 4-MBA: 4-Mercaptobenzoic acid, 2-MBC: 2-
Mercapto-5-benzimidazolecarboxylic acid, 4-CBC: 4-Cyanobenzoyle chloride, TSC: 
Thiosemicarbazide, TSC+PEG-D: Thiosemicarbazide with PEG-dithiol)   
It was observed from the Figures that the TSC (and TSC with PEG-Dithiol) had 
the best performance due to highest thermal conductivity, and lowest modulus and 
hardness value. However, it is important to note that the parametric investigation for each 
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ligand has not yet been performed, which is one of tasks to be completed.The phase-
sensitive transient thermoreflectance (PSTTR) technique, the details were given in 
appendix A, was used as the second method to measure the thermal properties of the 
developed nanocomposite TIMs. For this purpose, the Cu/f- BNNS nanocomposite TIMs 
with thicknesses in the range of 30-60 µm were electrodeposited onto circular silicon 
wafers. To maintain the electrical   conductivity of the cathode, the Si wafers were initially 
coated with a 300 nm Cu layer via e-beam evaporation.  
Figure 35a shows the picture of the obtained Cu/f-BNNS nancomposite TIMs 
involving the TD and TSC. For an initial analysis, Cu/f-BNNS nanocomposite TIMs 
involving TSC, TSC+PEG-D and TD were measured. Three samples from each condition 
were measured for error analysis. Contact resistance and overall thermal resistance (sum 
of the contact resistance at the Si wafer-TIM interface and bulk thermal resistance of the 
TIM) of the samples are summarized in Table 11.  
One sided configuration denotes that the thermal analysis of the samples was 
performed without sandwiching the TIMs between two Si wafers, as shown in Figure 35b. 
It is apparent from the results in Table 11 that the single-sided TIM produced with f-BNNS 
(involving TS functionalization) and 1 wt.% PEG-D gave the minimum overall thermal 
resistance. It has been shown that TSC has been the best ligand in terms of thermal and 
mechanical properties among all ligands, in both free standing thermal measurements with 
DLF and contact resistance measurements with PSTTR. Addition of PEG-D further 
enhanced the mechanical and thermal properties of the nanocomposite TIMs. 
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Figure 35. a) Single sided samples that were fabricated by growing Cu/f-BBNS 
nanocomposite TIMs onto silicon wafers. b) schematic indication of sandwich 
samples where the single sided samples were attached to a bare silicon wafer with a 
4.5 mm aluminum diffusion layer.   
Table 10 Contact and overall thermal resistance values of pure copper and Cu/f-
BNNS thin films involving different ligands 
Ligand Pure Cu TSC TSC (5 wt%) + PEG-D TD 
filler (wt 
%) 
- 
f-BNNS 
(5)  
f-BNNS 
(10) 
PEG-D 
(1) 
PEG-D 
(3) 
f-BNNS 
(5) 
Contact 
resistance 
0.15±0.04 0.1±0.02 0.13±0.03 0.11±0.03 0.17±0.03 
0.14±0.0
1 
Overall 
resistance 
0.3±0.06 0.34±0.03 0.32±0.04 0.26±0.04 0.31±0.06 
0.45±0.0
4 
Phase II 
In this phase, a more systematic investigation on functionalization of BNNS with 
respect to ligand functional groups was performed. Since TSC was determined to be the 
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best ligand in the previous phase, the obtained results from new ligands (Figure 36) were 
compared to it.  
 
Figure 36. Types of ligands in PHASE II with respect to their functional groups. In 
Category a) five ligands with varying groups to link to the metal crystals, in Category 
b) three ligands that may be bonding with the filler, BNNS, and in Category c) 
ligands having different chain size or central functional group. Numbering: 1) 4-
MBA (4-mercaptobenzoic acid), 2) 4-CBC (4-cyanobenzoyl chloride), 3) 4-NBC (4-
nitrobenzoyl chloride), 4) 4-BBC (4-bromobenzoyl chloride), 5) p-TC (p-toluyl 
chloride), 6) 4-ABT (4-aminobenzenethiol), 7) 4-MT (4-mercaptotoluene), and 8) 4-
MPA (3-mercaptopropionic Acid). Ligand 1 (4-MBA) is common in all categories. 
Figure 36a categorizes the selected ligands for metal-ligand interactions into thiol, 
cyano, bromo, nitro and methyl groups, while the other end group is used in 
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functionalization reaction with BNNS. Moreover, in Figure 36b, setting the metal-ligand 
interaction group as the thiol, the functional groups that will be employed in 
functionalization reaction are classified as carboxylic, methyl and amino groups. Finally, 
the chain structure of the ligands is compared in Figure 36c. 4-MBA, ligand 1, is common 
for all categories.   
Figure 37. PHASE II effect of organic ligands on mechanical properties of Cu/f-
BNNS thin film nanocomposite TIMs. Numbering: 1) 4-MBA (4-mercaptobenzoic 
acid), 2) 4-CBC (4-cyanobenzoyl chloride), 3) 4-NBC (4-nitrobenzoyl chloride), 4) 4-
BBC (4-bromobenzoyl chloride), 5) p-TC (p-toluyl chloride), 6) 4-ABT (4-
aminobenzenethiol), 7) 4-MT (4-mercaptotoluene), and 8) 4-MPA (3-
mercaptopropionic Acid).  
Reduced elastic modulus and hardness values of Cu/f-BNNS nanocomposite 
TIMS involving all abovementioned ligands were obtained and shown in Figure 37, and 
corresponding thermal conductivity values are depicted in Figure 38. Among all the 
ligands, mechanical analysis on the nanocomposite TIMs involving TSC and TSC+PEG-
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D resulted in the lowest elastic modulus and hardness. Mechanical test results of the 
samples marked as 7 and 8 were close to those of pure Cu, which may be attributed to low 
affinity of the corresponding ligands (4-MT and 4-MPA) towards the copper matrix. 
Although these ligands had thiol functional groups, which are known to highly interact 
with metals, the affinity of the chemical plays a significant role on bonding of the 
structures. 
It is seen from Figures 37 and 38 that the nanocomposite TIMs corresponding to 
ligands 5 (p-TC) and 6 (4-ABT) gave comparatively better values than their counterparts 
in terms of higher thermal conductivity and lower elastic modulus/hardness. Although it 
is difficult to draw conclusions from the chemical and thermomechanical characterization 
results, some intuitive results can be obtained from microstructural analysis of the 
nanocomposite TIMs. Figure 39 depicts the secondary electron micrographs of the 
selected nanocomposite TIMs involving the ligands 1, 5, 6 and 8. One ligand from each 
category (Fig. 36) was chosen and the dispersion behavior of f-BNNS in the metal matrix 
was investigated. 
It is shown in Figure 39a that the f-BNNS involving ligand 1 is aggregated at grain 
boundaries with tiny clusters. In Figure 39b&c, for ligands 5 and 6, the filler is shown to 
have less aggregation and more uniform dispersion, which the more promising thermal 
and mechanical test results can be attributed.  
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Figure 38. PHASE II effect of organic ligands on thermal conductivity of Cu/f-BNNS 
thin film nanocomposite TIMs. Numbering: 1) 4-MBA (4-mercaptobenzoic acid), 2) 
4-CBC (4-cyanobenzoyl chloride), 3) 4-NBC (4-nitrobenzoyl chloride), 4) 4-BBC (4-
bromobenzoyl chloride), 5) p-TC (p-toluyl chloride), 6) 4-ABT (4-
aminobenzenethiol), 7) 4-MT (4-mercaptotoluene), and 8) 4-MPA (3-
mercaptopropionic Acid).  
 
Figure 39. Secondary electron micrographs of the Cu/f-BNNS nanocomposite TIMS 
involving. a) 4-MBA (ligand 1), b) p-TC (ligand 5), c) 4-ABT (ligand 6), and d) 4-
MPA (ligand 8) 
In Figure 39d, the filler tends to aggregate at certain locations of the 
nanocomposite at low concentrations. Low level of attachment may be due to the low 
affinity of the ligand to the metal matrix, which may explain the sample`s mechanical 
properties similar to pure Cu. On the other hand, its low thermal conductivity may be 
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because of the aggregation and phonon scattering behavior of the ligands (see Chapter 3 
for more detailed discussion on phononic thermal transport). 
4.2. Effect of Ligands on Cooling Performance of Nanocomposite TIMs 
The most important task of a thermal interface material is to efficiently cool down 
an electronic system. Hence, cooling performance of TIMs plays a crucial role in their 
commercial value. Cooling performance of the nanocomposite TIMs was measured using 
a simple setup where the TIM was placed between an old electronic component and a heat 
sink, which were disassembled from an old server. The electronic component was heated 
to 65 OC and its cooling process was observed with an infrared thermal camera (FLIR 
A655ss IR Camera). The time it takes to cool down the component to 45 OC was recorded 
for each TIM. The camera records of the thermal performance tests are in the link below: 
https://www.youtube.com/watch?v=EJl_XJNhJgo 
As an initial evaluation, three samples were compared: (i) first record was taken in 
absence of a TIM, (ii) a commercially available TIM was tested, and (iii) finally the 
response from the fabricated nanocomposite TIM (Cu/f-BNNS involving TSC) was 
recorded. The records indicate that this process took 14:28 seconds, 7:34 seconds and 4:63 
seconds with bare heat sink, commercial TIM and our nanocomposite TIM, respectively. 
Hence, we obtained a 40% higher performance with the developed nanocomposite TIM 
than the commercial one.  
Effect of ligands on cooling performance of the nanocomposite TIMs was also 
observed following the initial evaluation. The nanocomposite TIMs involving the ligands 
that were investigated in PHASE I (TSC, TSC+PEG-D, TD, 4-CBC, 2-MBC, 4-MBA) 
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were placed between two mating surfaces and cooling time of each TIM was recorded as 
shown in the video below; 
https://www.youtube.com/watch?v=OpycWTRi-Pc 
The shortest cooling time, 5.14 seconds, was obtained by the TIM involving TSC 
as it resulted in the most promising thermal and mechanical results. In was unexpected 
that the sample corresponding to TSC+PEG-D showed lower performance with a cooling 
time of 11.27 seconds, while that corresponding to 4-CBC cooled down the system in 6.09 
seconds. 
In summary, the nanocomposite TIMs produced in this project worked very well 
and gave rise to higher cooling performance than other commercial TIMs. It also needs to 
be claimed that the commercial TIM used in this experiment contains adhesives that help 
firmly stick to the heat sink surface and reduce thermal resistance. On the other hand, our 
nanocomposite TIM did not contain any adhesives, which introduced a higher thermal 
contact resistance than its commercial counterpart. As a further development of cooling 
performance, direct deposition of the nanocomposite TIMs on to heat sink/chip surfaces 
would eliminate the contact resistance. By this way, we expect to further enhance the 
cooling performance of the nanocomposite TIMs. 
4.3. Corrosion Protection Behavior of Nanocomposite TIMs 
4.3.1. Background 
Corrosion is described as a chemical/electrochemical interaction of a material with 
the environment causing gradual destruction of the properties of this material, especially 
metals. It is a significant issue in numerous industries including automotive, energy, 
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aviation, shipping, infrastructure, and electronic industries,195,196 and its annual cost to 
U.S. economy is hundreds of billions of dollars.195,197 Extensive researches have been 
conducted to inhibit the corrosion in metal surfaces via protective layer coating. In the last 
few decades, chemically stable and corrosion resistant platinum group metals,198 electro-
active conducting polymers199,200 and self-assembled monolayers201 have been used as 
corrosion resistant coatings on metal surfaces despite their drawbacks such as limited 
availability, high temperature instability and alteration of the surface properties of 
metals.202 Graphene has recently been introduced as an effective corrosion protection 
material197,203–205 on various metals such as copper, gold and nickel, in the form of both 
individual ultra-thin coating and dispersant in protective polymers.202,206 However, later 
investigations have indicated that graphene leads to acceleration of corrosion in long term 
due to possession of defective sites.207,208 On the other hand, boron nitride nanosheets 
(BNNS), a structural analog of graphene, have emerged as an outstanding corrosion 
inhibitor due to its natural hydrophobicity and impermeability, thermal and chemical 
stability.209–211 Corrosion protection of metals and polymers has been reported in presence 
of BNNS: Li et al. prevented the corrosion of copper surfaces by forming a thin layer of 
BNNS via chemical vapor deposition,211 while Sun et al. achieved the same task by coating 
the copper surface with a polymer composite produced by dispersion of BNNS in 
polyvinyl butyral (PVB).209 Also, Yi et al. have shown the oxygen-atom corrosion  
protection of polymers in presence of BNNS coating.212 
In electronic systems, metallic components are vulnerable to corrosion due to 
humidity and temperature, which reduces the yield of these components and ultimately 
  
88 
cause electrical failures.213 Thermal interface materials (TIMs) are major components of 
electronic systems that are designed to prevent overheating of the other components of the 
system and enhance their lifetime. Hence, TIMs require enhanced corrosion protection to 
maintain their performance and reliability, which in turn yields high performance of the 
whole system. Up on this purpose, corrosion performance of the fabricated metal-based 
nanocomposite TIMs was investigated. Instead of forming a protective layer on these 
TIMs as reported in the literature, BNNS were incorporated into copper matrix to form a 
copper-based nanocomposite. The BNNS were initially functionalized with a soft ligand, 
thiosemicarbazide (TSC), to prevent the aggregation of individual sheets and provide 
uniform dispersion in the matrix. Then, copper-based nanocomposite TIMs (Cu/f-BNNS) 
were fabricated via novel electrocodeposition method, in which the nanocomposite TIMs 
were grown onto aluminum substrates. The corrosion protection properties of Cu/f-BNNS 
nanocomposite samples were determined by Tafel polarization. Then, the corrosion 
activity of Cu-based nanocomposite TIMs was also analyzed by high-resolution scanning 
electron microscopy (HRSEM), and energy-dispersive X-ray spectroscopy (EDX). 
4.3.2. Materials and Methods 
Thin film nanocomposite TIMs were grown on aluminum sheets. The aqueous 
electrolyte solutions were prepared by 1 M CuSO4.5H2O, 1.8 M H2SO4, a trace amount of 
CuCl2, and 1.25 wt.% f-BNNS. Each solution was transferred to the electroplating cell 
after sonication for homogenous dispersion of f-BNNS. A pure copper sheet (>99%) and 
a substrate were used as anode and cathode, respectively. The electrical power source was 
a Nuvant Powerstat05 Potentiostat (Nuvant Systems Inc., Crown Point, IN). The 
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electrodeposition was carried out at a current density of 10 A/dm2 and AC frequency of 
950 Hz with 30% off time.  
All the electrochemical measurements were performed using the Gamry 
Instruments Potentiostat (Interface 1000 model), in a standard three electrode system at 
298 K. An aerated solution of 3.5 wt.% NaCl was used as electrolyte throughout the study. 
The electrochemical cell consists of copper or copper metal matrix composite with an 
exposed area of 1 cm2 served as the working electrode, a saturated Ag/AgCl electrode as 
the reference electrode, and a Pt/Nb mesh electrode of 2 cm diameter as the counter 
electrode. The working electrode was immersed in the testing solution for 1 hour to reach 
a quasi-stationary value of the open circuit potential prior to measurement. The 
potentiodynamic polarization measurements were carried out in the potential range from 
-300 mV to +300 mV vs open circuit potential with the scanning rate of 0.5 mV/s. All the 
experiments were repeated for at least 3 times to ensure good reproducibility of the results. 
The corrosion current densities (icorr) were determined by extrapolating the linear 
portion of the anodic polarization curves to Ecorr. The corrosion rate (CR) was calculated 
from the corrosion current by using the following equation: 
 R𝐶𝑅	   = 	  3.268	  𝑥	  10	   ,#++     M (1                                                                          5) 
where MW is molecular weight of copper in g, ρ is the density of Cu (8.92gcm-3) 
and Z is the number of electrons transferred.  
The microstructures of samples before and after polarization were examined using 
a high-resolution scanning electron microscopy (Tescan LYRA-3 Model GMH Focused 
Ion Beam Microscope) at an accelerating voltage of 20.0 kV. Additionally, elemental 
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mapping were also performed using energy-dispersive X-ray spectroscopy (Standard EDS 
Microanalysis System with X-MaxN 50) to determine the presence of each atom in both 
cases. 
4.3.3. Results and Discussion 
Figure 40 presents the potentiodynamic polarization curves of pure copper and 
Cu/f-BNNS nanocomposite TIMs obtained from electrochemical tests. Appearance of 
lower peak corresponding to Cu/f-BNNS nanocomposite TIM suggests the lower 
corrosion current passing through the sample, which can be attributed to better 
anticorrosion performance of Cu/f-BNNS sample than that of pure copper.  
Figure 40. Potentiodynamic polarization curves for. a) pure cupper and b) Cu/f-
BNNS nanocomposite TIMs  
Corrosion rates that were calculated by using the obtained inputs from 
electrochemical tests are depicted in Table 11. The corrosion rate of Cu/f-BNNS samples 
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Table 11 Summary of experimental parameters and calculated corrosion rate: Ecorr 
represents the potential, Jcorr is the current density, and βc and βa are cathodic and 
anodic slopes, respectively. 
Sample Parameters 
Ecorr (mV) Jcorr
(µAcm-2) 
βc
(mV.dec-1) 
βa
(mV.dec-1) 
Corrosion rate 
(mmy-1) 
Pure Cu -271 6.33 -143 105 0.0737 ± 0.005 
Cu/f-BNNS -227 1.75 -177 65 0.0204 ± 0.005 
 (0.0204±0.005 mmy-1) were found to be near 72% less than that of pure Cu samples 
(0.0737±0.005 mmy-1), which indicates the superior corrosion performance of the 
nanocomposite TIMs in presence of f-BNNS. Figure 41 shows the high resolution 
secondary electron micrographs of the pure Cu and Cu/f-BNNS nanocomposite samples 
obtained before and after the electrochemical tests. The pure Cu sample has a rough 
surface and contains numerous pores and grain boundaries, while these vacancies were 
filled with the f-BNNS in the Cu/f-BNNS nanocomposite TIM. It is clear from the 
micrographs that the surfaces of both samples were deteriorated upon exposure to the 
NaCl during the electrochemical test. The degree of deterioration in the Cu/f-BNNS 
nanocomposite sample is shown to be less severe than that of pure Cu sample, which can 
be attributed to the enhanced corrosion performance of the nanocomposite sample. 
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Figure 41. High resolution SEM images obtained from the Pure Cu and Cu/f-BNNS 
nanocomposite TIMs before and after electrochemical tests 
Figure 42 presents the high resolution FIB images of the Cu/f-BNNS 
nanocomposite sample taken before polarization (two images on the left). The f-BNNS at 
the copper grain boundaries are obviously shown in the images. To verify the presence of 
the elemental mapping for each atom was performed via EDX method. In addition to B, 
N and Cu atoms, the C and O mapping was obtained to confirm the ligand TSC (middle 
and right). These maps show that all of the constituents of the nanocomposite, i.e. copper 
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crystals, the filler BNNS and the ligand TSC, are present in the nanocomposite structure. 
On the other hand, Figure 43 demonstrates the images obtained after polarization, where 
there is an apparent microstructural change due to application of aerated NaCl solution. 
The FIB images show higher number of pores after exposure than those before exposure 
that might be due to disappearance or reorientation of some constituents of the 
nanocomposite. 
Figure 42. Microstructural analysis before polarization. High resolution FIB 
microscopy images of Cu/f-BNNS nanocomposite TIMs (left) and EDX mapping of 
each individual element on these samples (middle and right) 
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Figure 43. Microstructural analysis after polarization. High resolution FIB 
microscopy images of Cu/f-BNNS nanocomposite TIMs (left) and EDX mapping of 
each individual element on these samples (middle and right) 
Detailed information on the microstructural changes was attained from the 
elemental mapping images. Cl atom was added to the elemental mapping to show the 
effect of NaCl on the sample surfaces. After the polarization the boron atoms could not be 
detected while other elements maintained their presence on the nanocomposite. The 
possible reason is that the active sites of TSC bind preferentially with copper complexes 
during the corrosion process, which later causes leaching of the BNNS into the electrolyte. 
Since the mapping was obtained within 1-2 µm depth from the surface of the 
nanocomposite, we can state that the BNNS still remain in the copper matrix at high 
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concentrations. However, contribution of TSC to the corrosion performance increased at 
the expense of BNNS. 
4.3.4. Conclusions 
Electrochemical analysis indicates that the dispersion of f-BNNS in the copper 
matrix enhanced the corrosion protection of the TIMs. Surface morphology of the pure Cu 
and nanocomposite samples was evaluated by high resolution microscopy to obtain a 
fundamental understanding on the behavior of the samples before and after the corrosion 
tests. It was concluded from the EDX analyses that the strength of the BNNS-TSC 
interaction was insufficient to hold the BNNS on the nanocomposite surface while a 
significant percentage of BNNS still remains dispersed in the metal matrix.   
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5. SILVER BASED TIMS AND THEIR PROPERTIES
The thermal contact resistance, R, is one of the major factors limiting the rate at 
which heat can be dissipated.21,22 According to the theoretical models27,28, the contact 
conductance, 1/R, can be expressed as: 1 𝑅 = 1.25𝑘𝑚 𝜎 ∗ (𝑃 𝐻)F.GH (16) 
where k is the harmonic mean thermal conductivity of the contacting surfaces, m 
is the effective absolute surface slope, σ is the effective rms roughness, P is the contact 
pressure, and H is the micro-hardness of the softer material. From a perspective of the 
material property design, to minimize the thermal contact resistance, as a first 
approximation, one needs to maximize the ratio of thermal conductivity to hardness. To 
this end, various strategies have been explored and implemented. For instance, there are 
numerous publications in the literature reporting the incorporation of fillers with high 
thermal conductivity such as silver particles, copper particles, graphene, carbon 
nanotubes, and silicon carbide and diamond powder into a soft, compliant polymer matrix 
or viscous oil to form thermal interface materials.214–221 For these types of materials, the 
current-state-of-art in the ratio of thermal conductivity to hardness lies in the range of 
2×10-9 to 10×10-9 m2/Ks. 
An alternative approach is to rely on a high thermal conductivity matrix such as 
copper or silver and to improve its compliance by forming porous sponge-like 
structures92,222,223 or arrays of nano/micro-pillars,224,225 which typically have the ratio of 
thermal conductivity to effective hardness values in range of 5×10-8 to 3×10-7 m2/Ks. 
However, in these cases, the increased surface area tends to result in an increased rate of 
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oxidation and corrosion. In addition, the surface pores of metal sponge can contribute to 
the effective roughness, thereby adversely influencing the transport of heat.  
In this study, we report a new class of thermal interface material involving metal 
nanocrystals coordinated with organic ligands grafted on 2D BN nanosheets in the form 
of mesoscale metal-organic framework. We compare the obtained TIMs properties with 
the ones obtained using copper as the matrix. Furthermore, this work is concerned with 
the investigation of how the organic ligand (linker) chemistry influences the thermal and 
mechanical properties of the resultant material.  
Silver is a metal with the second highest k/H (after indium) ratio excluding group 
I metals, which are highly reactive. Silver also has much higher corrosion resistivity in 
comparison to indium and copper. Regarding the linker molecules other than TSC, prior 
studies have revealed that acyl chloride (COCl) groups and amino groups on BN 
nanomaterials react via nucleophilic addition/elimination with a high reaction yield.226 In 
this reaction, after the lone pair on the amino groups of BN performs a nucleophilic attack 
on the carbonyl carbon, carbonyl group reforms by releasing a chloride ion and the charge 
neutrality is finally achieved by deprotonation with the aid of the chloride ion. Similar 
reactions of carbonyl groups are observed with carbon nanotubes226 and boron nitride 
nanomaterials227 as functionalization techniques.  Hence, we selected to use three different 
ligands, 4-bromo-benzoyl chloride (BBC), 4-cyano-benzoyl chloride (CBC) and 2-
mercapto-5-benzimidazole carboxylic acid (MBCA), as linker molecules. With this 
combination, we fixed the reactive group of the ligand that directly binds to the BN 
nanosheets (forming an amide) while varying the terminal end of the functionalized 
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nanosheets from bromo- to cyano- to mercapto-group. Mercapto-228,229 and cyano-
group230 can chemically interact with silver and form coordination or semi-covalent bond 
while bromo-group is likely to physisorb on the metal surface. 
5.1 Materials and Methods 
5.2.1 Materials 
4-bromo-benzoyl chloride (BBC), 4-cyano-benzoyl chloride (CBC) and 2-
mercapto-5-benzimidazole carboxylic acid (MBCA) were obtained from TCI Chemicals 
(Philadelphia, PA, USA). Ethanol was obtained from VWR (Houston, TX, USA). BNNS 
was purchased from M.K. Impex Corp (Mississauga, Ontario, Canada). Silver cyanide, 
AgCN; potassium cyanide, KCN; and potassium dicyanoargenate, AgK(CN)2, which were 
used in the electrodeposition solution, were obtained from Sigma Aldrich (St. Louis, MO, 
USA). Other materials were already discussed in earlier chapters. 
5.2.2 Functionalization of BNNS 
Functionalization of BNNS for all of the ligands was carried out in a similar 
fashion as described in work done by Zhi et al227. Briefly, 1:4 weight ratios of BNNS to 
ligand were kept in a flask equipped with a condenser. Under a nitrogen environment, 
reaction contents were constantly stirred using a magnetic stirrer at 120 OC for 120 hours. 
After the reaction was completed, the contents were let to cool down to room temperature 
before washing in excess ethanol to get rid of the unreacted ligand. The washed product 
was centrifuged at 4000 rpm for 5 minutes and the precipitate was collected under dry 
nitrogen at 60 OC overnight.  
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5.2.3 Characterization of Functionalized Nanosheets 
Dried samples were taken directly and measured for FTIR on a Shimadzu IR 
Prestige ATR-FTIR (Shimadzu Scientific Instruments Inc., Columbia, MD). Data were 
acquired in the transmission mode with a resolution of 1 cm-1 wavenumber and are an 
average of 12 measurements for each ligand.  
5.2.4 Preparation of Thermal Interface Materials 
To form mesoscale metal-organic-frameworks, we developed an approach 
coupling of a coordination-driven assembly and electrodeposition. The key concept is that 
as silver nanoclusters form and deposit on the cathode through a reduction process, the 
organic ligands on nanosheet spacers reaches to the vicinity of nanoclusters through 
diffusion and coordinate their assembly. Electrodeposition bath was made by mixing 5 g 
of KCN, 3 g of AgCN, and 1 g of AgK(CN)2 in 100 ml Milli-Q water. For the coordination, 
one of the three struts were used: 4-bromo-benzoyl chloride, 4-cyano-benzoyl chloride, or 
2-mercapto-5-benzimidazole carboxylic acid, all of which were grafted on BN nanosheets 
to provide sufficient space to link relatively large nanoclusters compared to the size of 
ligands. Depending on the ligand, to achieve a net nanosheet loading of 10±1 wt% in the 
thermal interface material, 0.5 wt%-1.5 wt% BNNS grafted with ligands were added and 
sonicated for 30 minutes. A pure silver (>99%) and an aluminum substrate were connected 
to anode and cathode, respectively. The material was deposited on the aluminum substrate 
via pulsating electrodeposition using Powerstat05 Potentiostat (Nuvant Systems Inc., 
Crown Point, IN). The electrodeposition was carried out at a current density of 0 to 12 
A/dm2 and AC frequency of 950 Hz with 30% off time. The resultant TIMs were detached 
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from the Al substrate, rinsed with water, dried and stored under nitrogen for further 
characterization. 
5.2.5 Chemical characterization of nanocomposite TIMs 
The obtained TIMs were cut into small pieces and chemically analyzed using an 
Omicron XPS/UPS system with an Argus detector relying on dual Mg/Al X-ray source 
(Scienta Omicron GmbH, Taunusstein, Germany). All spectra were corrected to the 
reference binding energy of ambient carbon at 283.5 eV. 
5.2.6 Thermal characterization of nanocomposite TIMs 
A modulated Q20 DSC (TA Instruments, New Castle, DE) was used to measure 
specific heat capacity of the samples43. Thermal diffusivity measurements were performed 
via a DLF-1200 Laser Flash Diffusivity System (TA Instruments, New Castle, DE)44. DLF 
1200 uses a laser source with a pulse width of 300 s to 400 s to shoot laser on to a 1 
inch circular samples and the measurements were carried at the laser power of 15J - 17J. 
The density of samples was determined via Archimedes principle. The loading weight and 
volume fractions were determined gravimetrically. 
Thermal interface resistance was measured using phase-sensitive transient 
thermoreflectance (PSTTR). The nanocomposite was directly electro-co-deposited on to 
a silicon substrate (25.4 mm in diameter) and sandwiched with another aluminum (Al) 
bonding layer as adhesive in the middle. Pure aluminum of 4.5 µm thickness was melted 
on top of a silicon substrate under an argon atmosphere and rapidly transferred on to the 
TIM surface which was coated on another silicon substrate. The whole configuration was 
cooled in room temperature to obtain permanently diffusive-bonded samples. 
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5.2.7 Mechanical characterization of nanocomposite TIMs 
Hardness and reduced elastic modulus values were measured via a Hysitron TI 950 
Triboindenter (Hysitron Inc., Minneapolis, MN). A Berkovich tip with a well-defined 
geometry was used for indentation and forty measurements were taken from each sample 
for statistical analysis. For each measurement, a force of 5000 mN was applied over 10 
seconds, and the tip was withdrawn from the surface for 10 seconds with a 5-second 
holding time in between. The force versus depth curves were fitted to give the values of 
reduced modulus and hardness. 
5.2 Result and Discussion 
Table 12 Property comparison for silver based and copper based TIMs involving 
TSC as ligand at 10 wt% loading 
Material 
Thermal 
Conductivity 
(W/m/K) 
Hardness 
(GPa) 
Elastic 
Modulus 
(GPa) 
Contact 
resistance 
(mm2.K/W) 
Overall 
Resistance 
at BLT 30 
µm 
Pure copper 375 ± 10 1.62 ± 0.3 70 ± 10 0.15 ± 0.03 0.38 ± 0.05 
Copper TIM 220 ± 12 0.41 ± 0.1 25 ± 4 0.10 ± 0.02 0.38 ± 0.06 
Pure Silver 390 ± 5 1.24 ± 0.2 80 ± 4 0.12 ± 0.3 0.31  ± 0.04 
Silver TIM 290 ± 15 0.23 ± 0.06 30 ± 5 0.07 ± 0.3 0.24 ± 0.03 
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First, the properties of the silver TIMs are compared against copper TIMs which 
are prepared involving TSC as the organic linker and are given in Table 12. It is understood 
that even though the silver TIMs showed higher thermal properties, clearly they were not 
able to mimic the mechanical properties of the copper TIMs. But due to the synergistic 
effect of the high thermal conductivity and reasonable mechanical properties silver TIMs 
show lower thermal resistances. These comparison of values are given in the table 13. 
Via nucleophilic substitution reaction, boron nitride nanosheets were 
functionalized with either of three different bifunctional ligands (linkers), which involves 
a carboxylic terminal-end reactive toward BNNS, a benzene ring (an organic spacer 
section), and another terminal-end with varying affinity towards silver surfaces (Figure 
44).  
 
Figure 44 Generic structure of a selected ligand. Structures of the specific ligands are 
a) 2-mercapto-5-benzimidazole carboxylic acid (MBCA), b) 4-cyano- benzoyl 
chloride (CBC), and c) 4-bromo-benzoyl chloride (BBC).  
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Figure 45 a) FTIR spectra for pure BNNS, pure MBA and MBA-BNNS b) reaction 
scheme for reaction of MBA and BNNS to form MBCA-BNNS c) FTIR spectra for 
pure BNNS, pure CBC and CBC-BNNS d) reaction scheme for reaction of CBC and 
BNNS to form CBC-BNNS e) FTIR spectra for pure BNNS, pure BBC and CBC-
BNNS f) reaction scheme for reaction of BBC and BNNS to form BBC-BNNS 
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The functionalization reactions were characterized with FTIR spectroscopy. 
Figure 45a shows the FTIR spectra of pure BNNS, pure MBCA, and MBCA-BNNS where 
the most notable change was the shift of the peak from 1724 cm-1 to 1628 cm-1.  This shift 
indicates a different level of coupling between the carbonyl group and the molecular group 
next to it: a change from carboxylic acid to amide.  In addition, no shift in peaks at 763 
cm-1 and 2357 cm-1 indicates that C=S (thio urea) and SH (thiolate form) terminal-edges 
did not react with BNNS and faced away from BNNS surfaces.  Based on these 
observations, a condensation reaction is proposed as illustrated in Figure 45b.  Figure 45c 
displays the FTIR spectrum for pure CBC and CBC-functionalized BNNS in which the 
shift of peak from 1740 cm-1 to 1680 cm-1 in comparison of pure CBC to CBC-BNNS 
suggests that the reaction occurred at carbonyl group changing carbonyl chloride into 
amide. In addition, the peak corresponding to cyano group is unchanged at 2330 cm-1 
suggesting reaction with BNNS from cyano terminal-edge (Figure 45d). Similarly, for 
BBC, the peak at 1766 cm-1 shifts to 1651 cm-1 indicating the conversion of carbonyl 
chloride in pure BBC to amide of BBC-BNNS (Figure 45e). Likewise, the unchanged 
peak at 636 cm-1 corresponding to C-Br suggests no vibrational coupling between Br and 
BNNS. Overall, all the linker molecules formed an amide upon reacting with BNNS but 
possessed mercapto, cyano, and bromo groups facing away from BNNS surfaces, which 
can interact with metal surfaces at varying binding strengths. 
Four different nanocomposites were prepared: silver matrix with bare BNNS, with 
BBC-BNNS, with CBC-BNNS, and with MBCA-BNNS. The resultant TIMs were 
analyzed using XPS spectroscopy (Figure 46), which revealed that MBA- and CBC-
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modified BNNS interact chemically with silver, whereas no chemical interaction is 
observed with bare BNNS or BBC-BNNS as evidenced by positive 0.3 eV shifts in silver 
3d5/2 peak for silver-CBC-BNNS and silver-MBCA-BNNS nanocomposites.  
Figure 46 High resolution silver (Ag) X-ray Photo Spectrometry Spectra of different 
nano-composites. Nanocomposites involving pure BNNS and BBC-BNNS do not 
show any change in silvers oxidation state but the nanocomposites involving CBC-
BNNS and MBA-BNNS show an oxidative shift of 0.3 eV suggesting the chemical 
integration of filler system in to the metal matrix. 
These shifts can presumably be ascribed to the coordination bond between cyano 
and thiol groups causing silver to assume a slight positive charge due to electron donation, 
whereas the groups themselves take on a slight negative charge. 
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Upon confirming the chemical reactions, morphological (nanostructure), thermal 
and mechanical properties were investigated. Fracture SEM studies revealed that the filler 
surface chemistry has a pronounced effect on the internal nanostructure of the resultant 
nanocomposite TIM (Figure 47). Bare BNNS and BBC-functionalized BNNS were 
trapped in the grain boundaries of silver crystals in aggregated chunks indicating no 
favorable chemical integration of the fillers into the silver matrix (Figure 47 b&c). 
 
Figure 47 Secondary electron micrographs of. (a) pure silver and nanocomposites 
involving (b) pure BNNS, (c) BBC-BNNS, (d) CBC-BNNS, and  (e) MBA- BNNS. 
Here, (b) and (c) clearly show the physical entrapment of the fillers due to the lack 
of chemical interaction ability but (d) and (e) show the integration of f-BNNS which 
can chemically interact in to the metal matrix. 
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On the other hand, CBC-functionalized BNNS and MBCA-functionalized BNNS 
gave rise to more intricate bonding between fillers and silver grains with significantly 
reduced aggregation (Figure 47 d&e). These observations are consistent with the 
abovementioned chemical interactions studies using XPS. The presence and nature of 
organic linker influenced the thermal conductivity of nanocomposite TIMs (Figure 48a). 
For a fixed filler volume fraction of 10±1 wt%, the effective thermal conductivity of 
nanocomposites involving fillers functionalized with linkers having high affinity towards 
silver (i.e. CBC-BNNS and MBCA-BNNS) was about 25-40% higher than that with the 
BBC-BNNS having low affinity towards silver (BBC-BNNS). The presence of BNNS 
with or without functionalization resulted in about 15% reduction in the effective thermal 
conductivity compared to pure silver, which can be attributed to the relatively low thermal 
conductivity of organic linkers or the out-of-plane thermal conductivity of BNNS being 
lower than that of pure silver. The difference in thermal conductivity of nanocomposites 
with physisorbed and chemisorbed linkers between BNNS and silver may be ascribed to 
following: For the case of chemisorption, because the chemical functionalization occurs 
at the edges of BNNS231, the phonons transferred from metal will be forced to travel in the 
in-plane direction of BNNS, which is the direction with ultrahigh thermal conductivity. 
For the case of physisorption, the linker molecules randomly adsorb on BNNS surfaces. 
As such, the phonons coming from metal side and travelling through linkers will pass 
through BNNS in random orientations, thereby increasing the effective contribution of 
out-plane thermal conductivity of BNNS, which is much smaller than in-plane thermal 
conductivity of BNNS. Furthermore, upon the introduction of f-BNNS, some of electronic 
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contribution of thermal transport is replaced by phononic contribution. Since the binding 
strength determines the anharmonic electron-phonon coupling,180,181,232,233 physical bonds 
will result in a larger bottleneck for thermal transport across a metal-organic-inorganic 
interface. 
Figure 48 a) Thermal conductivity of the fabricated nanocomposites. b) Reduced 
modulus and hardness values of the fabricated nanocomposites. Both properties are 
also compared against pure silver, pure copper and previously fabricated copper 
nanocomposites. Overall, , composite involving MBA-BNNS show 75% reduction in 
hardness but retain 85% of thermal properties which makes it a very promising 
TIM. 
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Figure 48b presents the reduced modulus and hardness of these nanocomposites 
obtained using nanoindentation. Silver-based nanocomposites were found to be softer and 
more compliant than pure silver. This trend is presumably because the presence of BNNS 
disrupts metallic bonds between silver crystals within the film and in addition, will reduce 
the van der Waals interactions between silver crystals considering that the dielectric 
constant of metals is much higher than that of inorganic and organic materials. In addition, 
the occupation of the f-BNNS at grain boundaries increases the fraction of atoms each 
grain interacts with and results in a larger atomic plane sliding which softens the 
nanocomposite234.  
Furthermore, the ligand molecules act as cushions due to their inherent softness. 
The hardness and modulus values were lower for chemically integrated nanocomposites 
in comparison to physically integrated nanocomposites, which is counter-intuitive 
considering only the types and strengths of the bonds involved. However, physically 
integrated nanocomposites experience the aggregation of fillers as shown in Figure 4. 
Hence, for a given nominal filler loading, the effective filler concentration is reduced at 
an aggregated state considering the aggregates of filler as a new filler with much larger 
size. Assuming the mechanical properties of fillers do not change significantly with 
aggregation, the effective medium theory185,186 can explain the observed trends. 
Based on the measured thermomechanical properties, the k/H ratio for these silver-
based nanocomposites is calculated to be 1.3×10-6 m2/Ks for the case of MBCA-BNNS 
fillers and 8.5×10-7 m2/Ks for the case of CBC-BNNS fillers. Considering pure silver 
samples prepared had a k/H ratio of 3.9×10-7 m2/Ks, these values signify noticeable 
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improvements in thermomechanical properties of chemically-integrated nanocomposites. 
On the other hand, the physically-integrated nanocomposites lead to lower k/H ratios, in 
the range of 5.2×10-7-5.9×10-7 m2/Ks, compared to the chemically integrated ones. Using 
PSTTR technique, a thermal interface resistance of 0.05±0.02 mm2.K/W and 0.06±0.02 
mm2.K/W was measured at Si-TIM interface under adhesive loading for nanocomposites 
with chemisorbed and physisorbed fillers, respectively in comparison to 0.12±0.03 
mm2.K/W for the case of pure silver. 
5.3 Conclusion 
Overall, this work has three key conclusions, important in the context of materials 
science and thermal management. First, using coordination chemistry in conjunction with 
electrodeposition, it is possible to fabricate mesoscale metal-organic frameworks 
involving a silver matrix, 2-D BN nanosheets, and organic linkers. Second, nanostructure, 
thermal and mechanical properties of these hybrid nanocomposites strongly depend on the 
chemistry of linker molecules physically or chemically binding nanosheets to the silver 
matrix. BN nanosheets with cyano- and thio- terminal group incorporate into the grains of 
silver and show higher thermal transport than physically adsorbed composites, in addition 
to having softer matrices. Third, silver-based chemically-integrated nanocomposites 
advance the current-state-art in the thermal interface materials owing to their very high 
thermal conductivity-to-hardness ratio, in the order of 1.3x10-6 to 8.5x10-7 m2/Ks. With 
such intriguing thermal and mechanical properties and scalable methodology of 
production, these materials can be applied in various thermal management systems to 
relieve the thermal stresses in next generation devices and applications. 
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6. NANOCOMPOSITE OF POLYSTANNANE AND GRAPHENE AS TIM
6.1 Materials and Methods 
6.1.1 Materials 
Dibutyltin dichloride (DBDC) (Bu2SnCl2, >97% (T)), tetra butyl ammonium 
perchlorate (TBAP) (C16H36ClNO4, >97% (T)), 1,2-dimethoxy ethane (DME) (C4H10O2, 
>99.0% (GC)), Toluene (C7H8, >99.5% (GC)), Methanol (CH4O, >99.8% (GC)), ethyl 
acetate (C4H8O2, >99.5% (GC)), tetrahedrofuran anhydrous (C4H8O, >99.5% (GC)) and 
Pentane (C5H12, >99.0% (GC)) were obtained from TCI America (Portland, OR). Silver 
wire of 24 gauge was obtained from fdj tool company (Winter park, FL) and the 304 
stainless steel wire of 20 gauge was obtained from McMaster Carr (Elmhurst, IL). 
Graphene nano powder of 3-7 layers was obtained from graphene supermarket (Calverton, 
NY). 
6.1.2 Polystannane synthesis 
The reaction was achieved via electro polymerization as reported by previously170 
with few changes. The biggest change is the electrode material, stainless steel was used as 
a cathode and silver as anode. Reaction was performed in nitrogen atmosphere and 
extreme caution was employed to avoid contact with air. Briefly, 2 gm of TBAP was 
precipitated in pentane and ethyl acetate (50-50) solution and kept under reduced pressure 
for 6 hours before introducing into a three necked flask (electrochemical cell) with 30 ml 
of DME and nitrogen environment. 0.6 grams of DBDC was dissolved in pentane and 
recovered at -80 OC. The purified DBDC is left under reduced pressure overnight and then 
transferred into the electrochemical cell. The three necks of the cell are closed with rubber 
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corks through which electrodes (silver and steel) run out to connect to Nuvant Powerstat05 
Potentiostat (Nuvant Systems Inc., Crown Point, IN). The length of the silver electrode 
(cathode) is kept 2 times of the steel electrode (anode). A constant 9 V current is applied 
until 95% of the predetermined stoichiometric electron charge is transferred in to the cell. 
All time through the reaction, the cell is covered to make sure no light can interact with 
the produced polymer. Also, the contents of the cell are constantly stirred using a magnetic 
stirrer. All of the cell is now kept under reduced pressure until all solvent is evaporated 
and the precipitate is dissolved in 50 ml of methanol where the polymer precipitated while 
the TBAP dissolved. The precipitated polymer was dissolved in toluene before dissolving 
in 50 ml of methanol again to get rid of all possible TBAP. This process is repeated 3 
times and the final precipitate is stored under dry nitrogen environment. 
6.1.3 Nanocomposite synthesis 
Predetermined graphene is dissolved in 20 ml toluene and sonicated using a 
SYCLON ultrasonic cell crusher (Syclon Electr. Instr. Comp., Zhejiang, China) for 60 
minutes at 40% power. Now the polymer is introduced in to the solution and shaken 
vigorously on a vortex for 5 minutes. Toluene is evaporated under reduced pressure and 
the obtained nanocomposite is stored under dry nitrogen. 
6.1.4 Characterization 
DSC 
Polymer sample of 3-6 mg is put in to a TZero aluminum pans and then loaded on 
to a modulated auto Q20 DSC (TA Instruments, New Castle, DE) with a liquid nitrogen 
cooling cell. The sample is cooled to -70 OC at 10 OC/min rate and kept isothermal for 5 
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minutes without recording any data. The sample is now ramped up to 70 OC at the rate of 
5 OC/min and back to -70 OC while recording all the data. 
UV-Vis 
A baseline is made with pentane in both quartz cuvettes on a UV-1800 
spectrophotometer (Shimadzu, Columbia, MD). The polymer sample was dissolved in 
pentane and loaded to measure the peaks from 500 nm to 250 nm with a 1 nm resolution 
and average of 8 times. 
6.1.5 Thermal characterization 
The DSC experiments were used to calculate the specific heat capacity and then 
the sample is drop casted on to a ½ inch diameter copper plate which is 100 microns thick 
until the thickness of the sample is 0.5 mm. This sample is loaded in to the furnace of 
DLF-1200 laser flash diffusivity system (TA Instruments, New Castle, DE) and thermal 
diffusivity is measured at room temperature with an average of 3 shots. Also, the density 
of the samples is measured gravimetrically which was discussed in chapter 3. Also, 
thermal conductivity was calculated as explained in chapter 3 by using the above 3 
measured values. 
6.1.6 Stability experiments 
UV-Vis spectrophotometer was used to establish a concentration vs absorbance 
curve for polystannate in pentane and on quartz glass. These graphs are later used to 
determine the unknown concentration of the polymer in the samples from the measured 
absorbance values. 
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Light stability 
A light source of 100 W is used to expose the samples for specific time before the 
concentration of the polymer is measured in UV-Vis spectrophotometer. 
Humidity stability  
A humidity box is created by placing a bath of sodium chloride in a closed dark 
acrylic box. The concentration of NaCl solution is maintained to obtain 75% relative 
humidity and the bath is left in the box for an hour to reach the steady state. Now, samples 
are exposed to moisture in this box for required amount of time before measuring the 
concentration using UV-Vis spectrophotometer. 
6.2 Results and Discussion 
Polystannane under consideration in this paper is synthesized using 
dibutylstannane as the monomer. The reaction was achieved via electro polymerization as 
reported by previously 170 with few changes. The biggest change is the electrode material, 
stainless steel was used as a cathode and silver as anode. Reaction was performed in 
nitrogen atmosphere and extreme caution was employed to avoid contact with air. Figure 
49a shows the scheme of polymerization reaction, where electrons passing through the 
electrolyte solution convert the monomers in to polymers. Figure 49b shows the physical 
sample of the polymer which is light yellowish in color.  
The UV-Vis analysis as showed in Figure 49c, displayed a maximum peak at 378 
nm confirming the presence of polystannane168,171. In addition, no peak in the 320-360 
region suggests that the polymer is free of oligomers which have peaks in this region235. 
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Figure 49 a) Schematic for the polymerization reaction from the monomer. b) 
Photographic image of the polymer obtained against a scale denoted in centimeters. 
The polymer is light yellow color and can be drop casted to form specific shapes 
needed. c) Uv-Vis spectrograph of the polymer in pentane showing a peak at 378 nm, 
which indicates the presence of the polystannate polymer. d) DSC heating and 
cooling cycles of the polymer showing a endothermic phase transition at 1.17 oC and 
an exothermic transition at -25.02OC.   
Figure 49d shows that the polymer has given a endothermic phase shift at 1.17 oC 
and an exothermic phase shift at -25.3 oC during heating and cooling cycles in DSC 
respectively. These peaks suggest the sub-ambient phase shift observed in the 
Polystannane. From the previous studies, it is concluded that the polymer exists at a liquid 
crystalline like mesophase where the chains are hexagonally packed with a disordered 
backbone168,172,236. Further analysis of the PolySn with GPC suggested that the synthesized 
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polystannate had an approximate molecular weight of 25-30 kg/mol. This comprises of 
90-130 monomer units forming a long Sn-Sn chain link. 
This long chain Sn-Sn link can participate in σ-σ coupling of electrons and present 
a new dimension of electron transport in the polymer. These orbitals overlap and split in 
to valence and conduction band. The band gap here is expected to be narrower than the 
silane and germane polymers and is in the range of 2.7-3.2 eV as reported235,237–239. At 
elevated temperatures this bandgap can reduce giving rise to more transport of electrons 
and thus conduct more heat as well. But, the phase change can affect several properties; 
especially the transport properties due to change in orientations and organization of 
molecules in each phase. Since, we are interested in application of these materials in daily 
life; we further discuss only the properties in mesophase (liquid –crystalline) which is 
observed above 0 oC. 
GNPs are reported widely to improve transport properties of the bulk materials and 
here we prepare composites of PolySn with GNP. The GNP we used were 3-10 layers 
thick and up to 2 microns in lateral dimensions as reported by the manufacturer. To prepare 
the composites, keeping graphene percolation point in view for several materials, which 
is in range of 0.1-1 wt%. We varied the GNP concentration from 0.1 – 10 wt%. These 
nanocomposites are further dried in dark conditions after drop casting on to a plate 
resulting in free standing nanocomposite films. Figure 4b shows the images of the film at 
10 wt% GNP loading. Several properties of nanocomposites were tested and the results 
are as follows. 
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Mechanical properties are very important for a polymer to evaluate if it is visco 
elastic or elastic. As reported earlier these are visco-elastic materials which can be 
confirmed via rheometer as shown in Figure 50. With the increase in concentration of 
GNP the visco-elastic behavior doesn’t show any change. Also, no apparent change in 
mechanical strength is observed with addition of GNP. It’s evident that PolySn is stronger 
than similar molecular weight organic polymers which exhibit visco-elastic nature.  
Figure 50 a) Rheometric data for the polymer showing viscoelastic behavior. b) 
Rheometric data for the 10 wt% GNP loaded polymer showing almost the same 
behavior in terms of viscoelasticity. 
This is expected due to stronger interactions of molecules due to delocalization of 
σ electrons via Sn-Sn backbone. In the initial stages of GNP addition, the π electron clouds 
of the GNP can interact with delocalized σ electrons of the Sn back bone resulting in more 
intricate mechanical structure. Now, the different components of the nanocomposite are 
interacting via stronger than Vander Walls forces. This interaction increases the overall 
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mechanical strength. But, it also hinders the polymer-polymer interactions which might 
reduce the cohesive strength of the material. With these two competing effects, a balance 
is struck with in the examined range of GNP concentrations and hence no apparent 
mechanical change is observed. 
Figure 51 Graph showing the thermal conductivity as measured by the DLF and DSC 
for the pure polymer and the other polymeric nanocomposites. The thermal 
conductivity of the nanocomposites is compared against a carbon polymer of similar 
molecular weight. It is clear that the nanocomposites are highly thermally conductive 
and thermal conductivity increases with addition of GNP. Also, on top of each bar, 
the image of the nanocomposite is shown against a scale in centimeters. 
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The films are used to measure thermal conductivity using DLF system. Data 
obtained from DSC measurements is used to calculate the specific heat. Ploys has a 
thermal conductivity of 2.5 W/m.K which is way higher than any other polymeric material 
which typically have a thermal conductivity less than 0.1 W/m.K240. To our knowledge, 
this is the first report of the thermal properties of PolySn.  
Figure 51 shows the thermal conductivity of all nanocomposites. It is observed that 
the thermal conductivity increases with concentration. GNP-PolySn interactions result in 
π-σ electron interaction as mentioned earlier. In PolySn; the delocalization results in 
mixing of σ orbitals and split in to highest occupied valence band (HOVB) and lowest 
unoccupied conduction band (LUCB). HOVB is formed by ppσ of Sn-5Py atomic orbitals 
(AO) and LUCB is comprised of ppσ* Sn-5Py AOs. Since there is a definite band gap for 
these hybrid orbitals, finite transport is observed. With introduction of GNPs, these hybrid 
orbitals interact with π electron stacks of GNPs. This interaction increases the strength of 
ppπ* and ppπ of Sn-5Py AOs resulting in destabilization of HOVB and stabilization of 
LUCB respectively237,238,241. The above interaction eventually leads to lower the band gap 
between HOVB and LUCB of the material. The introduction of more GNPs results in 
lowering of the band gap and thus increasing the transport. The electrons in valence bond 
now move to conduction band more easily. This facilitates the electronic heat transport 
across the material. This is because higher transport GNPs are mixing with lower transport 
polymer molecules and hence the band gap of the composite will be observed at lower 
energy level than the polymer itself. But as we know GNPs are excellent conductors of 
heat via phonons94,242 and thus introduce extra phononic bandwidth for heat conduction. 
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Once, GNPs cross certain concentration, more of GNP-GNP interactions also occur which 
will conduct better than PolySn-GNP interface.  
The thermal transport is not only due to electron transport but also due to phononic 
vibrations. GNPs have high intrinsic thermal conductivity due to high phonon mobility. 
This property of GNPs paves super shortcuts for phonons in the matrix at several 
junctions. It improves the phononic transport and hence improves the heat transfer. 
Introduction of GNPs also result in electron-phonon coupling at the GNP-GNP and GNP-
PolySn interfaces resulting in boosting the thermal properties. The coupling facilitates 
phononic and electronic progression by reducing the interface scattering across polymeric 
molecules. 
We also tested the stability of the nanocomposites against moisture and light since 
the polymer is unstable with these two entities. Moisture and light cause to destabilize the 
PolySn and degrade. Preparing nanocomposites of GNP and PolySn will improve the 
stability of the material. GNPs being hydrophobic inherently can repel water vapor from 
some regions, forcing the water vapor to take different route than direct transport to 
molecules within the matrix. This will change the transport behavior of the water vapor 
with in the matrix which will make the availability of water vapor a critical factor and 
hence making the polymer more stable. The Pure polymer and 10wt% Gr nanocomposite 
were exposed to 75% RH created by NaCl in a closed dark box. UV-Vis analysis is 
performed on these samples and the intensity of the peak at 379 nm is noted. We see 
diminishing peak for the pure polymer. In fact, the degradation followed a near first order 
kinetics. The rate constant was 0.0014 s-1 with half-life of 495 sec. But with the 
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introduction of GNP, the composite was much stable than the pure polymer as shown in 
Figure 52b where the rate constant changed to 0.0005 s-1 and half life of 1386 seconds. 
After exposing for even 1 hour, a small quantity of the polymer was left without 
degradation owing to the 3 time improvement in the stability. 
 
Figure 52 Stability of the polymer is studied against water vapor by exposing to 
saturated NaCl solution in a closed environment. UV-Vis data is provided at different 
time points of the exposed polymer and nanocomposite a) UV-Vis data for the pure 
polymer b) UV-Vis data for the 10 wt% GNP loaded nanocomposite c) First order 
kinetics fit for the degradation of the pure polymer d) first order kinetics fit for the 
degradation of the nanocomposite 
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Figure 53 Stability of the polymer is studied against light by exposing to controlled 
light in a closed environment. UV-Vis data is provided at different time points of the 
exposed polymer and nanocomposite a) UV-Vis data for the pure polymer b) UV-Vis 
data for the 10 wt% GNP loaded nanocomposite c) First order kinetics fit for the 
degradation of the pure polymer d) First order kinetics fit for the degradation of the 
nanocomposite 
More importantly, the kinetics still followed the first order reaction. This is in 
coherence with the expectation that GNP will change the transport profile within the 
matrix. In pure polymer, there was no hindrance for the water vapor to go through 
compared to nanocomposite and hence making it abundantly available makes the polymer 
a limiting reagent and thus the rate depends up on the polymer itself. 
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But, within the nanocomposite, the GNPs make the water vapor a non-abundant 
quantity. This results in the reaction slowing down with water vapor. With these results, 
we could say that preparing higher GNP loading nanocomposites might further boost the 
stability of the PolySn towards humidity. 
We expect the GNP to improve the light stability of the polymer as well. This is 
because GNP can absorb most of the light and block the light from interacting with 
polymeric chains. Exposing pure polymer and 10 wt% GNP loaded polymer to light at 
400-700 nm wavelength and 100 watts and measuring the UV-Vis of these samples 
periodically can give the stability profile. As shown in Figure 53a, the polymer degraded 
much faster with light than humidity and followed a similar first order kinetics with a rate 
constant of 0.0021 s-1 (Figure 53c), which is almost double the degradation speed 
compared to humidity at RH 75%. This trend of decomposition also agrees fairly with the 
literature168,178,179. As expected the resistance to light has improved as shown in Figure 
54b. Analyzing these results as shown in Figure 53d, the improvement was drastic. 
Though the kinetics still followed first order, the rate constant was 5 times lower at 0.0004 
s-1. This corresponds to a change of half life from 330 seconds to 1730 seconds. This is a 
very good achievement in terms of boosting the stability of the PolySn. This opens up the 
possibilities of using the novel properties of the polymer in daily life. 
Developing PolySn with different starting monomer units which have conjugation 
can have much higher thermal transport values than the reported value and they are worth 
exploring. It is important to note that all these properties are for mesophase (liquid-
crystalline). In different phases, the electronic interactions might change due to the 
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changes in molecular interactions, orientation and arrangement of molecules. Thus, 
different phases may have different properties since the properties are dependent on 
molecular and electronic interactions. Also, it’s worth noticing that these properties are 
for a drop casted material and several groups proved that the PolySn can be oriented 
polymer under certain casting methods and the oriented polymer matrices might show 
different properties241,243.  
6.3 Conclusion 
Overall, we have successfully synthesized PolySn by following previous methods 
and also were able to prepare homogenous nanocomposites of the polymer with GNP. We 
also report the thermal conductivity of the polymer as 2.4 W/m.K, a first report and further 
showed that the thermal conductivity can be boosted up to 40 W/m.K by preparing GNP 
nanocomposites. The nanocomposites were promising not only in the terms of thermal 
transport but also showed improved stability towards light and humidity. This study opens 
up a path for applications wanting to make use of the novel properties of the polymer in 
daily life which was difficult till now due to the degradation of the polymer caused by 
humidity and light exposure.  
125 
7. SUMMARY AND FUTURE SCOPE
7.1 Summary 
Chapter 1, the specific objectives of the work were discussed along with the 
motivation. Definition of the Thermal interface materials was given along with the need 
and the importance of TIMs. Also, the importance of developing next generation TIMs 
was discussed. 
Chapter 2, literature review of different TIMs was given where the conclusion was 
most current TIMs do not match up to the industry requirements for next decade to come. 
Later on, approach to create new TIMs which can further the current technology was 
discussed. Further, required basics about BNNS, graphene, electrodeposition and 
polystannane were discussed which would help better understand of the chapters 3-7. 
Chapter 3, synthesis of the new copper based TIMs was discussed in detail which 
covered all experimental methods including the preparation of BNNS, functionalization 
of BNNS, characterization of BNNS, fabrication of TIMs and characterization of the 
TIMs. A detailed discussion was presented on the new scheme of functionalization of 
BNNS with TSC. Also, optimization of several parameters like electrolyte concentrations, 
loading of BNNS in the TIMs and current densities in the preparation of TIMs to obtain 
the required properties were discussed. In the end, thermal, mechanical properties of the 
copper based TIMs and theory behind this exceptional performance was discussed. 
Chapter 4, Effect of different organic linkers on the properties of the copper based 
TIMs was discussed. Here, the improvement of the properties due to that addition of 
external ligands like PEG-dithiol into the electrodeposition was discussed. Here, it is 
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understood that this behavior is because of the replacement of any air gaps with the ligand 
but the key was to achieve loadings that do not disturb the nanostructure. Later on, effect 
of different linker molecules was presented where the conclusion was, the organic linkers 
changed the nano structure and bond strength with BNNS and copper and all played part 
in properties. Also, corrosion behavior of the TIMs was discussed. 
Chapter 5, Synthesis of silver based TIMs was discussed in detail. All the methods 
to prepare the TIMs was presented and comparison of the properties of the silver TIMs 
with copper TIMs was shown. Silver TIMs clearly outperformed copper TIMs in thermal 
properties but were not as soft as the copper TIMs. Nevertheless, silver TIMs were 
measured to have lower thermal resistance than the copper TIMs. Later on, the effect of 
metal-linker bond on the properties of the bulk TIMs was discussed. Here, it was 
concluded that the thermal properties and mechanical strongly depended on the linker-
silver bond strength. 
Chapter 6, A new TIM in which polymeric tin (polystannane) was used as the 
matrix for a composite with graphene nanoparticles was presented. The synthesis of 
PolySn was discussed and then followed by synthesis of nanocomposite. Thermal 
conductivity of the samples was presented which showed the nanocomposites had 
substantially higher value than the polymer. Also, most importantly the improvement of 
the stability of the polymer in ambient conditions by addition of graphene is shown. 
7.2 Future Scope 
This work holds a lot of future scope, especially in determining even better 
components for the different nanocomposites synthesized. 
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1. Copper TIMs could be produced by changing the filler nanoparticles. The fillers
can be graphene or graphene oxide and it is also worth exploring if the TIMs can
still perform at the same level with just copper and organic molecules without any
filler particles.
2. It was clearly understood that the inclusion of PEG-dithiol as a free standing ligand
to occupy the air pores improved the properties. So, there could be more
improvements if cyano based ligands are used due to the stronger bonding of the
cyano groups compared to thiol groups to copper.
3. The copper and silver based TIMs showcased field disruptive thermal resistances.
Also, these resistances were proved to not change over 100 thermal cycles. In
general, a TIM is expected to work for at least 1000 cycles reliably and in this
light, long term reliability tests are very important.
4. Polymeric tin nanocomposites showed very good thermal properties improved
stability due to the presence of graphene. Developing PolySn with different
starting monomer units which have conjugation can have much higher thermal
transport values than the current composite due to possible synergistic effects.
5. Graphene in the graphene-polymer composites blocks the polymer from light by
absorbing most of the light and improves the stability of the composite but using
BNNS, the light can be mostly reflected and this can perhaps improve the stability
even further. It is also worth noting that the BNNS is more hydrophobic than
graphene.
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APPENDIX 
Phase-sensitive transient thermoreflectance measurements 
Besides the laser flash diffusivity technique, a phase-sensitive transient 
thermoreflectance (PSTTR) technique was used to measure the thermal properties 
(including thermal contact resistances and overall thermal resistance/resistivity) of the 
hybrid nanocomposite materials. The nanocomposite samples were grown on to silicon 
wafers at varying thicknesses up to 50 µm, following the physical vapor deposition of a 
300 nm copper layer on the wafers for electrical conductivity. PSTTR is a modulated 
optical pump-probe technique that utilizes two lasers to study the thermal properties of 
multi-layered structures. A pump laser is modulated by a waveform generator and the 
working frequencies are determined based on the thermal property and thickness of the 
test samples. The modulated pump laser is directed on to one of the sample surfaces and 
serves as a heat source. The laser has a 1/e2 radius of about 1.5 mm and the maximum 
power of the laser is 5W, yielding a maximum heat flux of about 2.8 W/mm2. The induced 
thermal wave penetrates through the sample, causing the temperature on the opposite 
surface to oscillate following the same periodicity. A probe laser is applied to this opposite 
surface to monitor the thermoreflectance change which is proportional to the temperature 
oscillation. A photodiode captures the reflected probe laser and transmits the optical signal 
into a lock-in amplifier, which compares the probe laser signal with the original 
modulation from the waveform generator to extract the phase shift. A schematic of the 
PSTTR experiment is shown in Figure 54, and further details about the PSTTR technique 
are described in another publication.244  
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Figure 54 Schematic of the PSTTR technique 
Table 13 Parameters used in the heat transfer model to fit the PSTTR data 
Materials 
Layer 
thickness 
(µm) 
Density 
(kg/m3) 
Specific heat 
(J/kg·K) 
Bulk Thermal 
conductivity 
(W/m·K) 
Silicon2 100 2330 712 148 
Aluminum245 3 ~ 5 2702 903 237 
Hybrid 
nanocomposite 
30 ~ 50 7332 440 232 
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If the thickness, specific heat and density of the hybrid nanocomposite material are 
accurately measured, then the bulk thermal conductivity can be derived by fitting the 
relevant heat transfer model to the extracted phase shift. Table 13 lists the parameters used 
in the heat transfer model to fit the PSTTR data. The hybrid nanocomposite samples were 
fabricated in two configurations – single-sided and bonded, as demonstrated in Figure 55a 
and c, and was characterized following a two-step strategy to comprehensively evaluate 
the thermal properties and performance. First, because the nanocomposite is relatively thin 
and soft, it needed to be supported for the PSTTR measurements. Therefore, the hybrid 
nanocomposite material was electrodeposited onto a substrate to form a single-sided 
structure. In this research, silicon was used as the substrate because the physical and 
thermal properties have been comprehensively studied, as listed in Table 13. Another 
advantage associated with silicon is that a highly-polished surface can be obtained, which 
enhances the specular reflection of the probe laser. The nanocomposite thickness varied 
from 30 to 50 µm, while the silicon substrate was 100 µm thick (Figure 55b). For these 
single-sided samples, the bulk thermal conductivity of the hybrid nanocomposite and the 
interfacial contact resistance were the two fitting parameters. Once these parameters were 
obtained using PSTTR, the hybrid nanocomposite was then sandwiched between two 
silicon substrates to fabricate a bonded structure (Figure 55c). The purpose of preparing 
the bonded structure was to evaluate the nanocomposites thermal performance when it 
was being used in a TIM configuration - i.e. sandwiched between two substrates. The 
single sided sample was placed in a cylindrical die, and rapidly bonded to a bare silicon 
substrate with a molten aluminum layer (4-5 µm) at 650 OC temperature under nitrogen 
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atmosphere. The physical/thermal properties of the aluminum layer are listed in Table 13, 
and it is counted as part of the entire interfacial layer. Therefore, when developing the heat 
transfer model, the interfacial layer was considered to have two solid layers (hybrid 
nanocomposite and aluminum) and three interfaces. Given that the bulk thermal 
conductivity of the hybrid nanocomposite, and the contact resistance between the hybrid 
nanocomposite and silicon substrate were already identified by the characterization of the 
single-sided samples, only the contact resistances of the other two interfaces (Si-Al and 
Al-nanocomposite) needed to be determined for the bonded samples. Hence, the four 
critical unknown parameters were acquired from two independent fitting procedures, and 
the reliability of the results was consequently very good. By summing the bulk thermal 
resistances and interfacial contact resistances, the total thermal resistance of the interfacial 
layer was calculated.  
As stated previously, a heat transfer model is required to fit the experimental data, 
and extract values of the unknown parameters of interest. In this work, the single-sided 
and bonded samples contained different number of layers. Normally, heat transfer in 
different configurations may demand different models. Here, due to the similarity between 
the two structures, we utilize a general heat transfer model that is capable of deriving the 
phase shift in the structures with arbitrary number of layers. Details on the development 
of the heat transfer model and the solutions can be found elsewhere.246 The general 
solution is presented in Equation 13: 
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Figure 55 Cu/f-BNNS nanocomposite TIMs deposited on silicon substrate. (b) a 
scanning electron micrograph (SEM) of the single-sided samples, in which multiple 
thickness measurements are made and the average is used in the characterization, 
and (c) cross-section of sandwich configuration of the TIMs between two silicon 
wafers. Thin aluminum layer was used for diffusion bonding 
𝛷 
= #$ + 𝑑' #()*+',- +
𝑡𝑎𝑛1- 1 23 (-15)*78*98∙∙∙8*;<7 ℛℛ79*7∗ℛℛ9?*9∗∙∙∙∗ℛℛ;<7,;*;<7*7,*9,…*;<7∈ C,7*78*98∙∙∙8*;<7D7-E FG (-15)*78*98∙∙∙8*;<7 ℛℛ79*7∗ℛℛ9?*9∗∙∙∙∗ℛℛ;<7,;*;<7*7,*9,…*;<7∈ C,7*78*98∙∙∙8*;<7D7   (16) 
Here, f is the frequency; αi and di are the thermal diffusivity and the thickness of 
the i-th layer, respectively. RRi,i+1 is a lumped parameter that includes all the known and 
fitting parameters in the adjacent layers i and i+1.  This treatment enables convenient 
calculation of the overall phase shift Φ using programming software such as FORTRAN 
or MATLAB. The samples in this work contained either two or four layers, so i equals 2 
or 4. By substituting the numbers into Equation 4, the relevant theoretical phase shifts 
were calculated, and were then fitted to the experimental data to determine the best 
value(s) of the fitting (unknown) parameters. A typical fitting graph is shown in Figure 
56. In this Figure, discrete experimental data points (blue circles) are very close to the 
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theoretical phase shift values (red solid line) throughout the entire frequency range. 
Varying the fitting parameters causes the shape or slope of the solid line to change. When 
the difference between the theoretical solution and the experimental data reaches a 
minimum value, the values of the fitting/unknown parameters are considered to have been 
obtained.   
Samples of various thicknesses and incorporating various ligands were prepared 
for a comprehensive investigation of the thermal properties of the hybrid nanocomposites. 
The fitted bulk thermal conductivity of the nanocomposite ranged from 211 to 277 
W/m·K, at the same level as metallic materials and showing significant improvement 
compared to the polymer-based or solder TIMs. The thermal contact resistances, by virtue 
of the electrodeposition process and the material’s high mechanical compliance, were also 
significantly reduced to a competitively low level of around 0.1 mm2·K/W. By adjusting 
the thickness and BNNS concentration, the total thermal resistance of the valid bonded 
samples ranged from 0.38 to 0.56 mm2·K/W for 30 to 50 µm BLT, respectively, which 
are lower than those of almost all traditional TIMs for comparable BLT. For comparison, 
a high-performance commercial-grade thermal grease that we characterized had a thermal 
resistance around 15 to 30 mm2·K/W192 for 30 to 50 µm bondline thicknesses. A novel 
thermoplastic film material incorporating highly-aligned micron-sized fibers yielded a 
thermal resistance of about 10 mm2·K/W1 for 50 to 75 µm bondline thicknesses. 
Therefore, the hybrid nanocomposite TIM exhibits superior thermal properties which 
greatly enable the possibility of its application in high power-density components or harsh-
environment electronics. 
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Figure 56 The dependence of phase shifts on normalized frequency for one selected 
bonded sample. The red solid line is the theoretical phase shift based on the best-
fitted value of the fitting parameters, and the circles are experimental data points for 
the phase shift 
To perform the PSTTR measurements, an automatic data acquisition system was 
employed to collect the experimental data. For each frequency, the sampling time was 60 
seconds and the sampling rate was 10 Hz. Hence, there were a total of 600 extracted phase 
shifts and the average of them was recorded as the phase shift for any given frequency. 
The random uncertainty with the data acquisition system was estimated to be 5 degrees, 
while the systematic uncertainty was about 1 degree. In addition to the uncertainty 
associated with the measurements, the regression analysis also introduced uncertainty into 
the system. When fitting the model to the experimental data, the difference between the 
modeling and experimental results was minimized to achieve the best fit, thereby 
determining the values of the fitting parameters. However, errors came in to the fitting 
process because of uncertainties in the other modeling parameters (known and unknown). 
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We implemented a methodology from Malen et al.’s work247 for the uncertainty analysis. 
The uncertainty of the fitting parameter was estimated from the uncertainties in the 
modeling parameters. After the best fit was achieved, each of the modeling parameters 
was perturbed by a small quantity (its uncertainty), and the regression process was 
repeated to find the new values of the fitting parameters. Then, the difference between the 
new and old values was the uncertainty from the fitting process itself. Using this 
methodology and combining the fitting uncertainty with the experimental uncertainty 
(random and systematic uncertainty), the overall uncertainty at 95% confidence level was 
calculated for each fitting parameter. 
The experiments were completed using an automated data acquisition system that 
was built to collect the amplitude and phase extracted from the lock-in amplifier. For each 
frequency generated from the function generator, the sampling time was 60 seconds and 
the sampling rate was 10 Hz. Then, the average value of 600 samples that were collected 
was recorded as the amplitude and phase associated with this frequency. The data 
acquisition system is estimated to have about 5 degrees random uncertainty. The lock-in 
amplifier has a systematic uncertainty of about 1 degree. In addition, the regression 
process to analyze the experimental data also is an important source of error. The reason 
is that when fitting the experimental data and theoretical results, other modeling 
parameters, known or unknown, are applied with different levels of uncertainty.  
Here, the uncertainty of the to-be-determined parameters is estimated from the 
uncertainties in the modeling parameters244. After determining the best fit, each of the 
modeling parameters is perturbed by a small quantity (its uncertainty) and the regression 
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process is repeated to find the new fitted value of the to-be-determined unknowns. Then 
the difference between the new and old values is the uncertainty from the fitting process 
used to determine the unknown parameters. Using this methodology and combining fitting 
uncertainty with the measurement uncertainty (random and systematic uncertainty), the 
uncertainty of thermal conductivity at 95% confidence level is calculated to be 27%, while 
that for the R12 and R23 is 31% and 39%, respectively. This leads to an uncertainty of 
about 16% for the total thermal resistance. 
 
 
